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Wc: Watt transducer measurement of electric devices in outdoor chamber  
Wci: Humidity ratio of air at gas cooler / intercooler inlet 
compressorW& : Compression power 
Wcp: Watt transducer measurement of compressor power 
Wcp_high_ref: High stage compressor power based on refrigerant-side enthalpies 
Wcp_low_ref: Low stage compressor power based on refrigerant-side enthalpies 
We: Watt transducer measurement of electric devices in indoor chamber  
Wei: Humidity ratio of air at evaporator inlet 
Wen: Humidity ratio of air at indoor duct nozzle 
evaporatorfan,W& : Power required to operate indoor blower 
rintercoolecooler /  gasfan,W& : Power required to operate outdoor blower 
W_comp: Watt transducer measurement of compressor power 
x: Refrigerant quality 
xin, x_in: Refrigerant quality at evaporator inlet 
xin,conv: Refrigerant quality at evaporator inlet in conventional system 
Xoil: Oil concentration in refrigerant flow 
xout, x_out: Refrigerant quality at evaporator outlet 
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Chapter 1. Introduction 
This document presents experimental and analytical investigations carried out for a prototype design of an 
U.S. Army Environmental Control Unit (ECU) operated with carbon dioxide as a refrigerant in a transcritical cycle. 
The thesis is organized in four parts: 
a) Baseline System Investigations 
This chapter (Chapter 2) discusses the so-called baseline system built from prototype components. The test 
facility used for the experiments is described in detail. The performances achieved with the current design are 
discussed on a system level as well as on a component level in order to explore possible improvement potentials. In 
addition, an analytical ECU system simulation model is introduced and validated with the experimental test data. 
b) Implementation of the Flash Gas Removal Concept 
This chapter (Chapter 3) deals with a new approach to improve the COP as well as the cooling capacity of 
the ECU system. The mechanisms and expected benefits of the concept are described in detail. Experiments and 
analytical considerations are used to assess the suitability of the FGR approach in order to improve the ECU system 
performance significantly. 
c) Analytical and Experimental Sensitivity Study of Major Design Parameters 
This chapter (Chapter 4) investigates important design parameters of the breadboard ECU system in its 
initial setup. The system behavior and the effects on COP and cooling capacity are studied in detail for changes of 
the original specifications. This numerically supported design analysis explores possible approaches capable of 
improving the overall system performance. 
d) Appendices 
The appendices contain detailed design information about the prototype components used as well as more 
specific information about the experimental test facility and its instrumentation. Also contained in this part are 
summary tables of the experimental test data taken for future reference. 
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Chapter 2. Environmental Control Unit with R744 in Transcritical Operation 
2.1 Introduction 
Currently U.S. Army uses R22 as a refrigerant in their Environmental Control Units (ECU). These systems 
are designed to provide heating and cooling for Army shelters and tents, connected by external ductwork to the unit. 
The system under consideration has a nominal cooling capacity of 10.5kW (3tons). The components of the air-
conditioning system are contained in a rigid metal housing with dimensions of approximately 0.97m x 0.69m x 
0.89m, as shown in Figure 2-1. 
condenser
single stage 
compressor
evaporator
outdoor 
compartment
indoor 
compartment
outdoor blowers
 
Figure 2-1: U.S. Army ECU with 10.5kW cooling capacity using R22 as a refrigerant 
CO2 as a refrigerant (R744) is believed to be a promising replacement for HFC refrigerants due to its 
smaller environmental impact regarding the greenhouse potential. In addition, CO2 provides larger volumetric 
cooling capacities than typical HFC refrigerants which could eventually yield higher cooling capacities for similarly 
sized systems [1]. Further, U.S. Army expects benefits from using CO2, because of reduced logistic burdens. 
The transcritical R744 ECU system described in this chapter was investigated both experimentally and 
analytically. A laboratory breadboard system consisting of prototype components was built and analyzed with 
respect to the achievable cooling capacities and COPs at different ambient conditions. Potentials for further 
component improvements were identified. The experimental results were used to validate an analytical system 
model, which can later be used to further improve the ECU analytically. 
2.2 System Description 
The experimental setup of the ECU air-conditioning system operating with CO2 is shown in Figure 2-2. 
This so-called baseline system consists of a hermetic two-stage rotary piston compressor, an intercooler, a gas 
cooler, a suction line heat exchanger, a manual expansion valve, an evaporator and a suction accumulator.  
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Figure 2-2: Baseline ECU system consisting of two-stage compressor, gas cooler, suction line heat exchanger, 
expansion valve, evaporator and accumulator with liquid valve  
The breadboard ECU was assembled from prototype components. All heat exchangers had an aluminum 
microchannel tube design. The microchannel tubes used for the gas cooler, the intercooler and the evaporator all had 
identical dimensions with six circular ports with a nominal diameter of 0.76mm. The suction line heat exchanger had 
eleven square-shaped ports on the high and 17 square-shaped ports on the low pressure sides with nominal side 
lengths of 1.29mm and 0.96mm, respectively. The gas cooler had four refrigerant slabs in series fed from a single 
inlet header and was operated in a cross-counter flow arrangement. The intercooler had four parallel refrigerant slabs 
in a cross flow arrangement and the refrigerant inlet header acted as a distributor. As discussed later, the intercooler 
showed the biggest potential for improvements due to the cross flow design. The cross-counter flow evaporator had 
two slabs in series, also having a single inlet header. The cross-counter flow suction line heat exchanger was built in 
a sandwich design, where the low pressure side consisted of three parallel tubes in two layers, whereas the high 
pressure side had three parallel tubes in only one single layer. The compressor was of a hermitic two-stage design 
housed in a prototype steel shell. The discharge flow of the low stage compressor was used to internally cool the 
electric motor before it was sent to the intercooler. The displacements of the low and the high-side stages were 
21.8cm3 and 13.2cm3, respectively. The compressor motor was rated with 30A at 60Hz, corresponding to a nominal 
speed of 3600rpm. The target refrigerant mass flow rate at full capacity was designed to be 83g/s. The compressor 
did not have an external oil separator. Appendix A contains pictures of the prototype components as well as more 
detailed specifications of the components used. The expansion valve used in the breadboard ECU setup was a 
Swagelok metering valve with an appropriate sensitivity in order to ensure repeatability of the valve settings in the 
transcritical tests. The accumulator used in the experiments was also of a prototype design and required an external 
liquid metering valve.  
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In transcritical R744 systems the expansion valve is used to control the system’s high-side pressure rather 
than to control a constant amount of superheat at the evaporator exit like in thermal expansion valve systems. As a 
result, the evaporator of a R744 system is typically operated in flooded mode, meaning that the refrigerant flow at 
the evaporator exit still contains a certain amount of liquid refrigerant which then enters the accumulator. The 
accumulator is installed to store excessive refrigerant, since the mass stored in the system components strongly 
depends on the system’s operating conditions. The suction line heat exchanger downstream of the accumulator 
ensures sufficient superheating in order to prevent the compressor from liquid slugging. Figure 2-3 shows the 
difference between such a prototype accumulator and an internal J-tube-type accumulator.  
 
Figure 2-3: Comparison of a prototype accumulator with external liquid valve and a mass- production J-tube 
accumulator design 
Design A has two ports at the top; one for the two-phase refrigerant / lubricant inlet and one for the vapor 
phase outlet. Inside the accumulator the separation of the liquid and the vapor phase takes place. Due to gravity 
effects, lubricant accumulates at the bottom together with the liquid phase. The design of the accumulator also has to 
ensure that a sufficient amount of lubricant is fed back to the compressor. The port at the bottom is the liquid outlet 
through which a mixture of liquid refrigerant and compressor lubricant exits the device. The external metering valve 
allows controlling the liquid flow at the bottom. This flow stream is mixed together with the vapor exit flow before 
it enters the low pressure side of the suction line heat exchanger. Ideally the accumulator operates adiabatically. The 
refrigerant inlet quality equals the outlet quality in case occurring pressure drops are considered to be isenthalpic. 
For a fixed liquid metering valve setting the height of the liquid column within the accumulator is determined by the 
operating condition of the A/C system and its refrigerant charge. If the liquid valve setting is changed after the 
system reached a steady state condition, the system will come to a new equilibrium point with a different liquid 
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column height in the accumulator. At the new steady state point, the refrigerant inlet and outlet qualities will be 
equal again, but different than at the initial steady state point. Thus, this design allows for variation of the evaporator 
exit quality without changing the system’s refrigerant charge. Design B is the preferred design for mass-production 
systems due to its reduced cost. It has only one inlet port at the top through which two-phase refrigerant / lubricant 
mixture coming from the evaporator exit enters the device.  A J-shaped-tube is mounted inside the accumulator. It 
has a hole with a fixed orifice size drilled into it at its bottom. The orifice opening is surrounded by a mixture of 
liquid refrigerant and compressor lubricant for most conditions. In operation the compressor pulls vapor through the 
top opening of the J-tube. Through the orifice opening liquid refrigerant and compressor lubricant are added to this 
stream. As in the previous design the vapor mass fraction and the amount of oil exiting the J-tube are also dependent 
on the A/C operation condition and its refrigerant charge. The difference in comparison to Design A is that for the 
same operation condition the quality at the evaporator exit can only be varied by changing the system’s refrigerant 
charge. This is because the amount of liquid / oil passing through the orifice is determined by the static pressure 
head of the liquid column above it. In order to force more liquid refrigerant through the orifice at the same 
condition, it is necessary to increase the pressure head. This can only be achieved by adding more charge to the 
system. Nevertheless, the increase in refrigerant charge decreases the relative lubricant circulation rate of the 
mixture which is returned to the internal heat exchanger.   
It will be shown later that the performance of the system depends on the evaporator outlet quality. 
Therefore systems with J-tube accumulators require initial charge determination tests. The major drawback of such a 
system is that the performance can only be optimized for the charge determination test condition. Once the system is 
operated at a different condition, the circulating mass flow rate changes and with it the height of liquid column, 
causing the evaporator exit quality to deviate from its optimum value. Since this problem doesn’t occur with the 
accumulator design used in the experiments, charge determination tests were not required for the experiments 
conducted. 
2.3 Experimental Results  
This chapter introduces first the test facility used for the experimental investigations and presents the test 
matrix according to which the ECU system was tested. The test results are presented afterwards and both system and 
component performances are considered.  
2.3.1 Experimental Facility 
Environmental chambers, wind tunnels and refrigerant-side instrumentation 
Applicable standards require at least two independent energy balances to experimentally determine steady-
state system performances. The test facility for this system was designed for even three independent methods, 
namely a refrigerant-side energy balance, an air-side energy balance and an energy balance from the use of 
calorimetric chambers. For this purpose two environmental chambers were used. Figure 2-4 shows a detailed layout 
of the test facility and the instrumentation used. The outdoor chamber contained the gas cooler and the intercooler 
while the evaporator was mounted in the indoor chamber. All refrigerant–air heat exchangers were installed in open-
loop wind tunnels housed inside the chambers. The suction line heat exchanger, the expansion valve and the suction 
accumulator were mounted on the outside in between the two chambers, because these three components were 
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considered to operate adiabatically. The compressor was also installed in the outdoor chamber, which affected the 
capabilities of the independent outdoor energy balances, but allowed for realistic test operations, because the 
compressor of an actual ECU is also mounted in the warm environment of the outdoor compartment. 
 
[Symbols] B : Blower, BL : Air Blender, BpV : Back Pressure Valve, ByV : Bypass Valve Capacity 
Control R404A System, C : Two-Stage Compressor , CE : R404A Ceiling Evaporator, CM : Chilled 
Mirror Dew Point Sensor, CU : R404A Condensing Unit, DP : Differential Pressure Transducer, Evap : 
Evaporator, FS : Flow Straightener, GC : Gas Cooler, H : Heater,  Hu : Humidification System, IntC : 
Intercooler, MEV : Manual Expansion Valve, M : Mass Flow Meter, N : Nozzle, NV : Needle Valve, P : 
Pressure Transducer, SA : Suction Accumulator, Sc : Condensate Scale, SLHX : Suction Line Heat 
Exchanger, Sp : Speed Controller, Spc : Single Phase Consumers, T : Thermocouple, TC : Temperature 
Controller, TG : Thermocouple Grid, TxV : Thermostatic Expansion Valve (R404A System), WT : Watt 
Transducer 
[Indices]  404 : R404A chiller system, a : air, c : outdoor coil, cp : compressor, dp : dew point, e : indoor 
coil, i : inlet, intc : intercooler, n : nozzle, o : outlet, ori : refrigerant inlet to expansion valve, r : refrigerant 
(R744), sh : suction line heat exchanger 
Figure 2-4: Layout and instrumentation of the experimental facility used for the investigation of the breadboard 
ECU system  
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The environmental chambers had interior dimensions of 4.7m x 2.5m x 2.3m and 4.7m x 2.2m x 2.3m for 
the outdoor and indoor side, respectively. The foam insulation of the walls, the ceilings and the floors had 
thicknesses of 0.1m in both chambers.  Several welded Type-T thermocouples were attached to each chamber 
surface. The heat transmission losses through the chamber surfaces during an experiment were determined from 
temperature differences between the interior and the exterior of the chambers in combination with the UA values 
determined from chamber calibration experiments. During a test the ambient conditions were maintained at specified 
values. The power consumptions of all electrical devices operated in the chambers were measured with Watt 
transducers. For test conditions in which dehumidification occurred, the condensate formed at the evaporator was 
collected on the outside and its formation rate was determined with a load cell, from which the latent portion of the 
evaporator load was calculated. 
The wind tunnels built for the indoor and outdoor chambers were similar in design. The outdoor wind 
tunnel containing the gas cooler and the intercooler in the same air duct was built from 1.9mm thick plywood, 
whereas the indoor wind tunnel for the evaporator was built from 1.3mm thick acrylic sheets. This material was 
used, because of its excellent insulating properties and the possibility for visualization of the condensate formation 
at the evaporator. On the air-sides, thermocouple grids consisting of welded Type-T thermocouples were used to 
determine the dry-bulb air temperatures upstream and downstream of the heat exchangers mounted in the wind 
tunnels. Downstream of the air outlet temperature grids flow staighteners were mounted to ensure uniform velocity 
profiles. In addition, an air blender was installed in the outdoor duct, to enhance mixing of the non-uniform 
temperature profile of the air stream leaving the outdoor heat exchangers having a significant temperature glide. 
Further downstream flow nozzles were installed in the ducts, creating pressure drops from which the air flow rates in 
both ducts were determined. Three nozzles were installed in each duct with throat diameters of 7”, 6” and 5” and 6”, 
3” and 2” for the outdoor and the indoor sides, respectively. Depending on the desired air flow rates of the test 
conditions, individual nozzles were blocked to keep the measured pressure drop within the range of the differential 
air-side transducer used. The air-side measurements were designed according to [2]. The air temperatures 
downstream the heat exchangers for the purpose of determining the air densities were measured in the throats of the 
nozzles with welded Type-T thermocouples.  
For the air-side energy balance the latent load was calculated from chilled mirror dew point measurements. 
This method was completely independent of the condensate formation rate measurement, which was part of the 
chamber energy balance. At the outlet of each duct, radial blowers were connected sucking air through the wind 
tunnels. The outdoor blowers had a maximum electrical power of 7.5kW, whereas the indoor blower developed a 
maximum power of 2.3kW. The air flow rates through both ducts were controlled with variable frequency drives. 
The outdoor blowers exhausted the air directly into the outdoor chamber. The heat rejection at the gas cooler and the 
intercooler tended to increase the temperature of the outdoor room. An external R404A chiller system with 
evaporators mounted on the ceiling inside the chamber compensated for this effect. In fact, the ceiling evaporator 
had a larger capacity than the combined heat rejection capacities of the gas cooler and the intercooler. PID-
controlled electric heaters with capacities of 12kW were installed in both chambers to reheat the room to the 
specified test conditions. The heaters were mounted in separate ducts to eliminate the effects of heat conduction and 
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thermal radiation into the test sections were temperature measurements were taken. In the outdoor chamber a 
separate blower pushed air through the heater box, while on the indoor side the exhaust of the 2.3kW blower was 
used to move the air through the heaters. In order to maintain the moisture content in the indoor room at a specified 
condition, PID-controlled life-steam injection compensated for the latent load at the evaporator. The steam was 
superheated with an additional heater before it was mixed to the air stream exiting the indoor heater duct. 
The refrigerant-side balance was accomplished from temperature and pressure measurements in 
combination with a Coriolis-type mass flow meter in the refrigerant flow. The flow meter was located upstream the 
expansion valve in order to eliminate pressure drop effects in the capillary tube within the flow meter. The pressure 
drop did not have any negative effect on the system performance, because the throttling in the flow meter was 
considered as part of the expansion process. Absolute pressures were measured at the outlet of every component and 
in addition, differential pressure drop measurements were taken across every heat exchanger to accurately determine 
the absolute pressures at the component inlets. All refrigerant-side temperatures were measured with Type-T 
immersion thermocouple probes. The probes were ungrounded to eliminate the effects of electromagnetic noise. 
All data were recorded with a Hewlett-Packard data acquisition system HP75000 and HPVEE data 
acquisition software.  All data were monitored via graphic windows and were scanned every 6 seconds onto a 
spreadsheet.  After reaching steady state, data were averaged over a period of ten minutes. Using the averaged data, 
thermodynamic and performance calculations were performed using EES software. The specifications of all 
measurement equipment used are summarized in Appendix B. The EES code of the data reduction file is also listed 
there. 
Quality of energy balances 
In general the chamber balance gives the most accurate results in both chambers due to its static setup. The 
air-side balance also gives highly accurate results, provided the air flow rates through the wind tunnels are 
sufficiently high and the differential pressure transducers used to measure the air-side pressure drops across the flow 
nozzles are operated at the upper limit of their operating ranges. In addition, sufficient mixing is essential for the air-
side energy balance to be accurate in order to minimize possible temperature glides between individual air streams 
exiting the heat exchangers. The evaporator air-side and chamber energy balances can become slightly less accurate 
for dehumidifying test conditions due to additional uncertainties in determination of the latent portion of the load. 
Generally speaking, the refrigerant balance may be the least accurate method to determine the heat exchanger 
capacities, because of bigger uncertainties due to oil circulation which affects the refrigerant properties significantly. 
In order to simulate realistic test conditions, the compressor was mounted in the warm environment of the outdoor 
chamber. This circumstance influenced the capabilities of the independent energy balances in the outdoor room. 
Even though the power consumption at the compressor motor leads was determined with an independent Watt 
transducer, the chamber balance was not representative anymore, because of the impossibility to distinguish between 
the power dissipated by heat rejection across the compressor shell and the actual work rates provided to the 
compression stages. Further, the gas cooler and the intercooler shared the same wind tunnel in the outdoor room 
during operation and were combined in a single surrounding frame structure. As a result, the air-side balance in the 
outdoor room balanced the combined heat rejection capacities of both the gas cooler and the intercooler. This value 
was compared to the sum of the gas cooler and intercooler capacities from the refrigerant-side balances and a very 
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good agreement was observed consistently. The indoor chamber was not affected by this particular setup and thus 
the evaporator capacity was balanced by the three fully independent methods. For most of the tests carried out, the 
differences between the balanced capacities were within 5% of each other, as demonstrated by Figures 2-5 and 2-6.  
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Figure 2-5: Comparison of the evaporator energy balances 
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Figure 2-6: Comparison of the combined gas cooler / intercooler energy balances 
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2.3.2 Test Matrix 
The test matrix shown in Table 2-1 specifies the conditions according to which the ECU system was 
investigated. The test matrix was divided into two groups: conditions with dehumidification and conditions without 
dehumidification (wet, denoted ‘W’ and dry, denoted ‘D’, respectively). The abbreviations ‘W1’ to ‘W3’ and ‘D1’ 
to ‘D3’ were used for the conditions having different air inlet temperatures on the outdoor side for both the gas 
cooler (Tcai) and the intercooler (Tintcai). ‘W1’ and ‘D1’ both had an outdoor air temperature of 32.2oC, whereas 
the ‘W2’ and ‘D2’ conditions were carried out at 43.3°C. ‘W3’ and ‘D3’ had the highest ambient outdoor 
temperature (51.7°C). All wet tests were carried out with a relative humidity of 50% at the inlet of the indoor coil. 
The air inlet temperature at the indoor coil was 32.2°C for all tests. For the baseline system the volumetric air flow 
rates were specified to be 0.8967m3/s and 0.5663m3/s for the outdoor and the indoor side, respectively. 
Table 2-1: Test matrix for the baseline ECU system 
Dry 
Tests 
Outdoor 
Temperature 
Outdoor Air 
Flow Rate 
(GC + IntC) 
Indoor 
Temperature 
Indoor Air 
Flow Rate 
Rel. Hum. 
Indoor 
Dew 
Point 
Indoor 
Wet 
Bulb 
Indoor 
Name [°C] / [°F] [m3/s] / [SCFM] [°C] / [°F] [m3/s] / [SCFM] [%] [°C] / [°F] [°C] / [°F] 
D1 32.2 / 90 0.8967 / 1900 32.2 / 90 0.5663 / 1200 dry dry dry 
D2 43.3 / 110 0.8967 / 1900 32.2 / 90 0.5663 / 1200 dry dry dry 
D3 51.7 / 125 0.8967 / 1900 32.2 / 90 0.5663 / 1200 dry dry dry 
 
 
   
  
 
Wet 
Tests 
Outdoor 
Temperature 
Outdoor Air 
Flow Rate 
(GC + IntC) 
Indoor 
Temperature 
Indoor Air 
Flow Rate 
Rel. Hum. 
Indoor 
Dew 
Point 
Indoor 
Wet 
Bulb 
Indoor 
Name [°C] / [°F] [m3/s] / [SCFM] [°C] / [°F] [m3/s] / [SCFM] [%] [°C] / [°F] [°C] / [°F] 
W1 32.2 / 90 0.8967 / 1900 32.2 / 90 0.5663 / 1200 50 20.6 / 69.1 23.9 / 75 
W2 43.3 / 110 0.8967 / 1900 32.2 / 90 0.5663 / 1200 50 20.6 / 69.1 23.9 / 75 
W3 51.7 / 125 0.8967 / 1900 32.2 / 90 0.5663 / 1200 50 20.6 / 69.1 23.9 / 75 
 
The given outdoor flow rate consisted of both the gas cooler and the intercooler air flow rates since both 
components were installed in the same duct and only one flow measurement device was available. The face area 
ratio of the gas cooler to the intercooler equaled 3.053. The microchannel tube and the fin geometries of the gas 
cooler and the intercooler were identical. Both components also had four refrigerant slabs, which yielded an 
identical depth for both coils. The air flow rates through the gas cooler and the intercooler created the same air-side 
pressure drop. Therefore the assumption of equal air velocities through both components was justified, provided that 
the air densities of the air streams passing through both heat exchangers agreed reasonably well. In this case the 
volumetric air flow rates yielded the same ratio as the ratio based on their face areas.  
The targeted cooling capacity of the baseline system was specified to be 10.55kW at an outdoor ambient 
temperature of 48.9°C, and an indoor ambient condition of 32.2°C with 50% relative humidity. The volumetric air 
flow rates at this condition were 0.8967m3/s and 0.5663m3/s for the outdoor and the indoor side, respectively. 
 11 
Instead of using this condition the rating point for the system was defined to be condition ‘W3’. Hence, the ambient 
outdoor temperature (51.7oC) used in the experiments even exceeded the specification (48.9oC). For all tests the 
compressor was operated at a constant speed of 3600rpm without using a variable frequency drive. 
2.3.3 System Performance 
Figure 2-7 shows the experimental results of the baseline system for the dehumidifying test conditions 
‘W1’, ‘W2’ and ‘W3’ according to test matrix shown in Table 2-1. 
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Figure 2-7: Experimental cooling capacity of the baseline system for dehumidifying conditions ‘W1’, ‘W2’ and 
‘W3’ 
In Figure 2-7, the cooling capacity of the baseline system is plotted versus the measured compressor power. 
The diagonal dotted curves are therefore lines of constant COP. Each test condition was investigated at several 
different refrigerant-side gas cooler exit pressures (Pcro), which are also shown in the graph. It can be seen that the 
maximum cooling capacity achieved was 13.5kW at condition ‘W1’, at an ambient outdoor air temperature of 
32.2oC. ‘W2’ had an ambient outdoor air temperature of 43.3oC and a resulting maximum capacity of 11.99kW. At 
condition ‘W3’ with an ambient outdoor air temperature of 51.7oC, the maximum cooling capacity was measured to 
be 10.68kW (‘rating point’). Thus the baseline system performed well enough to exceed the target capacity of 
10.55kW at the specified ambient outdoor air temperature of 48.9oC. At this slightly lower ambient air temperature 
the capacity is higher than 10.68kW measured at ‘W3’, because of the improved heat rejection in the gas cooler and 
the intercooler. The cooling capacity at the target point is expected to be 11kW and was determined by interpolation 
between the curves ‘W2’ and ‘W3’ in Figure 2-7. The baseline system had maximum COPs of 1.71, 1.29 and 1.07 at 
the conditions ‘W1’, ‘W2’ and ‘W3’, respectively. 
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In accordance with [3], the COP of the refrigeration system using a hermetic compressor is defined as the 
ratio of the cooling capacity of the evaporator to the power input to the compressor motor: 
compressor
evaporator
idealECU W
Q
COP
&
&
=
,
 (2-1) 
It should be noticed that the COP calculation according to (2-1) is only valid for the idealized system setup which 
was used in the laboratory facility. The calculation has to be modified if the system is tested in its final design, i.e. 
when it is mounted in its housing which builds the actual ECU. In that case, the cooling capacity is reduced by the 
evaporator fan power, since the load created by the fan also has to be taken by the evaporator. In addition, 
transmission losses from the warm outdoor side to the cold indoor side within the ECU housing may exist. If only 
the electrical power to the ECU system is determined, the measured power also includes the power terms for both 
the fans on the ECU’s indoor and outdoor side. Hence, the COP for the ECU mounted in its housing is calculated as: 
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The experimental results for the dry test conditions are shown in Figure 2-8. Each of the conditions (‘D1’, ‘D2’ and 
‘D3’) were investigated at two different refrigerant-side gas cooler exit pressures, one of each yielding the maximum 
cooling capacity and the maximum COP.   
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Figure 2-8: Experimental cooling capacity of the baseline system for non-dehumidifying conditions ‘D1’, ‘D2’ 
and ‘D3’ 
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In comparison to the test conditions with dehumidification it can be seen that the cooling capacities for the 
dry conditions at equivalent ambient air conditions were less. At ‘D1’, the maximum cooling capacity was 12.14kW 
and therefore 10.1% less than at ‘W1’. Condition ‘D2’ resulted in a maximum capacity of 11.16kW, which was 
6.9% less than at ‘W2’. Finally, the capacity at ‘D3’ was reduced by 4.9%, having a maximum value of 10.16kW. 
This trend was reflected by the COPs measured. The maximum values for the dry test conditions were 1.56 (-8.6%), 
1.21 (-5.8%) and 0.98 (-8.4%) for ‘D1’, ‘D2’ and ‘D3’, respectively.   
Pressure – specific enthalpy diagrams of the baseline data points taken are shown in Figures 2-9 through 2-
12. Figure 2-9 contains the plots for test condition ‘W1’ at different high-side pressures. Figure 2-10 and 2-11 show 
the corresponding cycles at test conditions ‘W2’ and ‘W3’, respectively. Figure 2-12 presents the data for all dry test 
conditions (‘D1’ through ‘D3’). Each dry condition was investigated at two different high-side pressures, the lower 
one yielding the maximum COP and the higher one resulting in maximum cooling capacity. The test data from 
which the graphs were created are summarized in Appendix C. 
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Figure 2-9: Ph-diagram for test condition ‘W1’ at different high-side pressures 
The Ph-diagrams for the dehumidifying conditions reveal that the compression ratio across the low stage 
compressor is approximately constant while the compression ratio across the high stage compressor increases 
significantly with increasing high-side pressures. This is due to the fact that the displacement volumes of the two-
stage compressor were fixed and that the intermediate pressure level in the intercooler is mainly influenced by the 
ambient air conditions. 
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Figure 2-10: Ph-diagram for test condition ‘W2’ at different high-side pressures 
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Figure 2-11: Ph-diagram for test condition ‘W3’ at different high-side pressures 
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Hence, at approximately constant evaporation and intercooling temperatures only an increased compression 
ratio across the high stage compressor can achieve the higher overall compression ratio at higher gas cooler 
pressures. 
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Figure 2-12: Ph-diagram for dry test conditions ‘D1’, ‘D2’ and ‘D3’ at different high-side pressures 
The combined diagram for all dry conditions investigated shows the dependence of the intercooler pressure 
as a function of the ambient air temperature. The intermediate pressure level is the highest for the highest ambient 
air inlet condition to the intercooler. 
Since the refrigerant high-side pressure represents an additional degree of freedom in transcritical R744 
systems, a system specific pressure control strategy was derived from the previous test points with dehumidification. 
As discussed in [4] and [5], the system’s high-side pressure has a significant influence on the performance, 
especially for pressures in the regions around the critical point where the R744-isotherms are s-shaped. That means 
that at the same outdoor ambient condition (air temperature and flow rate) a small increase in high-side pressure 
results in a significant enthalpy change at the gas cooler exit, eventually increasing the enthalpy difference obtained 
in the evaporator. This increase of enthalpy difference in the evaporator has to be paid by a higher total compression 
ratio across the compressor and thus by an increased amount of work transfer to the system. This trade-off yields 
two performance maximizing high-side pressures for each condition. The high-side pressure at which the maximum 
COP is achieved is in general lower than the pressure at which the system has the highest cooling capacity.  
Figures 2-13 and 2-14 contain the data from which these system-specific pressure control strategies were derived. In 
addition, Figure 2-13 also shows the evaporator inlet and outlet qualities. For all these test points the liquid valve 
(shown in Figure 2-2) was fully opened. The influence of the evaporator outlet quality on the system performance 
will be investigated in more detail in the next chapter. In order to obtain generic control equations, the gas cooler 
exit pressure (Pcro) was taken rather than the high stage compressor discharge pressure (Prcpo). This ensures a 
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bigger validity range of the resulting control equations, because of the fact that they are uncoupled from the test 
condition. For the same reason the refrigerant-side gas cooler exit temperature (Tcro) was chosen to derive the 
control equations rather than the ambient outdoor air temperature (Tcai). This accounts for the fact that the approach 
temperature (temperature difference between air inlet and refrigerant outlet) was not constant at the different test 
conditions. The resulting high-side pressure control equations are shown in Figure 2-15. It can be seen that the 
correlation between the gas cooler exit temperature and pressure are almost linear. Therefore a linear curve fit was 
chosen to obtain the desired control equations. 
The equations shown in Figure 2-15 were used in the subsequent tests in order to achieve the system’s 
maximum performance. It was observed that for a wide range of test conditions the required pressures for the 
maximum COP were obtained with a fixed expansion valve setting. That means that a fixed orifice expansion device 
could have been used in these cases. A similar behavior was observed when the high-side pressure was controlled in 
order to maximize the cooling capacity.  
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Figure 2-13: Baseline ECU cooling capacity as a function of the gas cooler exit pressure 
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Figure 2-14: Coefficient of performance of the baseline ECU as a function of the gas cooler exit pressure 
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Figure 2-15: Experimentally determined system specific high-side pressure control equations 
The high-side pressure control equation for the maximum COP was also derived theoretically in 
accordance with the graphical method developed by [6]. The theoretical gas cooler exit pressures yielding the 
highest COPs were obtained by numerical differentiation rather than by graphical methods. Also, a SLHX was 
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implemented into the derivation calculation. It should be noted that the values of the theoretical curve and the curve 
of the comparable experimental system shown in Figure 2-16 were both obtained for single stage compressors, 
whereas the equation for the Army ECU system was derived with a two-stage compressor. The effects of COP 
maximizing intermediate pressures were neglected in the baseline investigations, because the resulting intercooler 
pressure for each test condition was determined by the fixed stage displacements and the ambient air conditions in 
the intercooler. As a result, the intermediate pressure was not variable in the baseline system. Figure 2-16 shows that 
the COP maximizing high-side pressure is the highest for the two-stage system followed by the comparable 
experimental single stage system at identical gas cooler refrigerant exit temperatures. The theoretical curve yielded 
the lowest optimum pressures due to idealized calculation assumptions.    
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Figure 2-16: Comparison of experimentally and analytically determined high-side pressure control equations for 
two-stage and single stage systems 
Figure 2-17 presents the gas cooler heat rejection capacity as function of its refrigerant-side exit pressure. 
The resulting gas cooler capacity curves showed similar behavior as the system’s cooling capacity curves. The 
highest gas cooler capacity of approximately 15kW was obtained at the lowest gas cooler air inlet temperature. Vice 
versa, the lowest gas cooler heat rejection rate (10.5kW) was measured at condition ‘W3’, having the highest 
outdoor ambient temperature. Incorporated into Figure 2-17 are also the gas cooler capacities of the dry test 
conditions. In accordance with the trends of the evaporator capacities, the gas cooler heat rejection rates at dry test 
conditions are consistently lower than the corresponding values at the dehumidifying conditions at identical outdoor 
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ambient temperatures. This is due to the fact that at dry conditions the gas cooler does not have to reject the 
additional amount of latent load occurring in dehumidifying evaporator operation. 
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Figure 2-17: Gas cooler heat rejection capacities of the baseline system at dehumidifying and non-dehumidifying 
test conditions 
The corresponding intercooler heat rejection capacities are shown in Figure 2-18. As mentioned earlier, the 
baseline system did not have active control over the intermediate pressure in the intercooler. The pressure level was 
affected by the ambient air condition which had an influence on the refrigerant density at the inlet of the high stage 
compressor. Mainly the intercooler pressure was fixed by the displacement volumes of the two compression stages, 
which were not variable for the given compressor. Therefore, Figure 2-18 shows the intercooler capacities versus the 
gas cooler exit pressure, which was the independent variable at the different tests. The resulting intercooler exit 
pressures (Pintcro) are shown for all data points taken. It can be seen that the intercooler exit pressure increases with 
increasing gas cooler exit pressure. As a result, the mean temperature difference between the ambient air and the 
refrigerant passing through the intercooler also increases. Thus the intercooler capacity is highest at the highest 
intercooler pressures which are achieved at the highest gas cooler pressures. This explains why the highest 
intercooler capacities were measured at the highest ambient outdoor temperatures, unlike for the capacities 
determined at the evaporator and the gas cooler.  
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Figure 2-18: Intercooler heat rejection capacities of the baseline system at dehumidifying and non-dehumidifying 
test conditions 
Figure 2-18 suggests that the maximum heat rejection capacity of the intercooler was not reached in any of 
the tests, because the capacity curves are still increasing as the system’s high-side pressure increases. As a 
consequence, there might be a performance improvement potential for a system having actively controlled 
intercooler pressures. 
Figure 2-19 presents the capacity of the suction line heat exchanger at the non-dehumidifying test 
conditions as a function of the system’s high-side pressure. In the graph, an ‘x’ is used to mark the high-side 
pressure at which the maximum cooling capacity was obtained. A solid dot is used to show the pressure at which the 
A/C system had the maximum COP. As a general trend it was observed that the SLHX capacity decreased with 
increased gas cooler exit pressures. From the Ph-diagrams shown in Figures 2-9 through 2-12 it can be seen that for 
approximately constant suction conditions at the low stage compressor, the temperature at the high-side exit of the 
SLHX follows approximately an isotherm, which, in this region, is an almost vertical line. 
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Figure 2-19: Suction line heat exchanger capacities of the baseline system at dehumidifying test conditions 
On the other hand, the high-side inlet temperature to the SLHX is identical to the gas cooler exit condition, 
which is strongly influenced by the system’s high-side pressure. When the high-side pressure is increased, the inlet 
enthalpy to the SLHX high-side takes on smaller values, while its exit enthalpy is approximately constant. In 
addition, the expansion valve has to be closed in order to raise the system high-side pressure. This typically results 
in reduced refrigerant mass flow rates. Both these effects are responsible for the reduction of SLHX capacity at 
higher pressures. Further, the capacity of the component increased with the ambient outdoor air temperature at fixed 
high-side pressures. These trends indicate that the effectiveness of the heat exchanger is strongly influenced by both 
the high-side pressure and the ambient air conditions. A more detailed discussion is presented in the following 
section, where the performances of the individual components are analyzed. 
2.3.4 Component Performance 
The previous results described the overall system performance of the ECU. This section investigates the 
performances of the individual components in more detail. The emphasis is placed on the identification of 
improvement potentials for future system generations.  
The refrigerant-side pressure drops across each of the microchannel tube heat exchangers were measured at 
each test condition. Table 2-2 summarizes the results for all heat exchangers in terms of the recorded pressure drop 
ranges together with the test condition at which the maximum and minimum pressure drops occurred. Appendix C 
contains more detailed information about the specific test conditions.  
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Table 2-2: Refrigerant-side pressure drop ranges for all heat exchangers 
 
Lowest pressure 
drop measured [kPa]
Test condition with 
lowest pressure drop 
Highest pressure 
rop measured [kPa]
Test condition with 
highest pressure drop 
Gas cooler 212 W2, Prcpo = 14.0 MPa 356 W1, Prcpo = 9.0 MPa 
SLHX high 
pressure side 25 D1, Prcpo = 10.7 MPa 85 W2, Prcpo = 10.0 MPa 
Evaporator 155 D3, Prcpo = 14.0 MPa 306 W2, Prcpo = 10.0 MPa 
Accumulator 44 D3, Prcpo = 14.0 MPa 87 W1, Prcpo = 9.0 MPa 
SLHX low 
pressure side 167 W3, Prcpo = 14.0 MPa 259 W1, Prcpo = 9.0 MPa 
Intercooler 249 D1, Prcpo = 10.7 MPa 314 W1, Prcpo = 9.0 MPa 
 
The evaporator, the gas cooler, the intercooler and the high pressure side of the SLHX yielded the highest 
pressure drops and show therefore the biggest improvement potentials. Increased refrigerant-side areas in those 
components might significantly reduce the compression work due to lower pressure ratios across the two-stage 
compressor and result in higher COPs. The oil circulation rates which also had an influence on the refrigerant-side 
pressure drops were not determined explicitly. However, the amount of oil found in the components implied that the 
oil circulation rates were rather high.  
For each heat exchanger its effectiveness was calculated according to: 
maxmin
measured
max
measured
TC
Q
Q
Q
∆
ε
&
&
&
==  (2-3) 
where the measured heat exchanger capacity ( measuredQ& ) is divided by its maximal possible capacity ( maxQ& ). The 
latter is obtained by multiplying the maximal possible temperature change between the two fluids ( maxT∆ ) with the 
heat capacity rate of the fluid which experiences the bigger temperature change ( minC ).  
Figure 2-20 shows the evaporator effectiveness as a function of its actual (measured) capacity. Two 
important trends can be observed: the effectiveness is only an indirect function of the ambient outdoor temperature. 
The evaporator becomes more effective in dehumidifying conditions at lower ambient outdoor temperatures, but the 
reason for this is that its capacity increases at these conditions. One the other hand, at equal capacities, the 
evaporator effectiveness is consistently larger at test conditions with dehumidification in comparison to those where 
dehumidification did not occur. In case of the evaporator, the air is the fluid having the smaller heat capacity rate, 
because the CO2 is undergoing an isothermal phase change and thus its heat capacity rate approaches infinity. At a 
fixed capacity and identical air-side operating conditions, the evaporation temperature of a dry test condition is 
lower than at a test condition with dehumidification, because in the former, the capacity transferred to the refrigerant 
originates from the air’s sensible load only. Since the capacity is fixed in this comparison, it is obvious that a test 
condition without latent load results in a larger sensible air temperature change. This eventually yields a larger 
maximum temperature change, which is the difference between the warm air inlet temperature (constant) and the 
cold refrigerant inlet (lower in non-dehumidification conditions). For this reason, at equal capacities the 
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effectiveness of the dehumidifying test conditions has to exceed the corresponding value of the dry test condition. 
The differences in evaporation temperatures for the different test conditions can be taken from the Ph-diagrams 
shown in Figures 2-9 through 2-12. The fact that the evaporator effectiveness increases with increasing load can be 
explained by similar reasoning. At the dehumidifying conditions which had the highest evaporator capacities, the 
fraction of the latent load was highest relative to the sensible part. Having a large latent load, the thermodynamic 
cycle settles at relatively high evaporation temperatures, which again decreases the maximum possible temperature 
difference between the air and refrigerant inlet. Since the total capacity measured was high, but at the same time the 
maximum achievable capacity was reduced due to the described temperature effect, the evaporator effectiveness is 
highest at the high load points. In non-dehumidifying conditions this is not the case. An increase in capacity directly 
results in lower evaporation temperatures, yielding an approximately constant ratio of the actual and maximum 
possible capacities. In summary, the evaporator contains improvement potential with respect to both the refrigerant-
side pressure drop and the heat transfer effectiveness. 
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Figure 2-20: ECU evaporator effectiveness as a function of its cooling capacity 
Similar evaluations were carried out for the gas cooler and the intercooler. The results are presented in 
Figures 2-21 and 2-22. Thermodynamically, the gas cooler and the intercooler are similar components. In both 
cases, the refrigerant undergoes a temperature change without changing its phase. In fact, the refrigerant is the fluid 
having the smaller heat capacity rate, i.e. the temperature change of CO2 exceeds the air temperature change in both 
heat exchangers. The graphs show the effectiveness versus the approach temperature, which is the difference 
between the refrigerant outlet and the air inlet temperatures. Figure 2-21 shows the linear dependence between the 
gas cooler effectiveness and its approach temperature. Very much like in the case of the evaporator, both the outdoor 
ambient air temperature and the capacity transferred were found to be influential on the achievable effectiveness.  
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Figure 2-21: ECU gas cooler effectiveness as a function of its approach temperature 
However, unlike in the case of the evaporator, test conditions with higher ambient outdoor temperatures, 
which are typically associated with lower heat exchanger capacities, resulted in the lowest approach temperatures 
and had therefore the highest gas cooler effectiveness. Based on the approach temperatures achieved with the gas 
cooler, the particular gas cooler design performed well under the conditions considered. For most of the test 
conditions, the gas cooler had an effectiveness of 95% or higher. However, Table 2-2 implies that the component 
can still be improved in terms of the refrigerant-side pressure drop. The average intercooler effectiveness was 
considerably lower. The trends observed with the gas cooler are repeated in the case of the intercooler, as shown in 
Figure 2-22. It should be noticed, that the intercooler approach temperatures were up to three times higher than in 
the case of the gas cooler. This circumstance resulted in an average intercooler effectiveness of approximately 83%. 
The high approach temperatures are mainly due to the cross-flow design of the component. On the other hand, for a 
given intercooler size, a compromise between the heat transfer effectiveness and the refrigerant-side pressure drop 
has to be made. 
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Figure 2-22: ECU intercooler effectiveness as a function of its approach temperature 
If the intercooler would have been also built in a cross-counter flow design, the resulting refrigerant-side 
area would have been smaller by a factor of four. Assuming identical densities and a homogeneous pressure drop 
model, the refrigerant-side pressure drop across the cross-counter flow heat exchanger would have been 16 times 
higher than the values measured for the actual cross-flow design. Even in the chosen cross-flow design, the 
measured pressure drops are still high and reveal improvement potential. However, the intercooler is typically 
operated in low-density regions. That is why high intercooler effectiveness at low refrigerant-side pressure drops can 
only be realized with a significant increase in the heat exchanger size. 
The effectiveness of the SLHX was also determined. The smaller heat capacity rate is found on the low 
pressure side of the heat exchanger, even though the heat capacity rate of the high pressure side is of the same order 
of magnitude. However, the refrigerant on the low pressure side undergoes the greater temperature differences. This 
is an interesting finding since at the low pressure inlet of the SLHX the CO2 is still in a two-phase condition. 
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Figure 2-23: ECU suction line heat exchanger effectiveness as a function of its approach temperature 
The approach temperature versus which the effectiveness is shown in Figure 2-23 was defined to be the 
difference between the temperatures at the high pressure inlet and the low pressure outlet of the component. It was 
found that the ambient outdoor temperature influenced the SLHX effectiveness in a more direct way than the other 
heat exchangers considered. The graph shows that at identical approach temperatures, the SLHX effectiveness 
increases with increasing ambient outdoor temperature. However, as in the case of the gas cooler and the intercooler, 
the SLHX effectiveness decreases at a fixed ambient outdoor temperature as its approach temperature increases. It 
was also observed that the effectiveness increased with decreasing SLHX capacity. The component effectiveness did 
not exceed 85%, showing the possible improvement potential. In terms of refrigerant-side pressure drop, the high 
pressure side of the SLHX performed well, whereas the pressure drop across the low pressure side still needs to be 
reduced.  
The hermetic two-stage compressor was also analyzed. In general, a setup with a two-stage compressor and 
intercooling helps increasing the system performance. This is due to the fact that the isentropes of the refrigerant are 
steep in regions where the suction gas enters the high stage compressor. By splitting the compression process into 
two stages a lower high-side discharge temperature can be achieved. For identical mass flow rates, the sum of the 
two compression enthalpy differences is smaller than the enthalpy difference obtained by a single stage compressor 
operating with equal efficiency. In addition, the overall compressor displacement of the two-stage compressor can 
be reduced in comparison to a single stage compressor due to the increased suction density at the high stage 
compressor inlet. 
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Figures 2-24 and 2-25 show the compressor efficiencies which were determined for the baseline system 
tests. According to [3], the volumetric efficiency is defined as: 
d
rr
volumetric V
vm
ω
η &=  (2-4) 
where rm&  is the refrigerant mass flow rate, rv  is the specific volume of the refrigerant vapor entering the 
compressor, ω is the compressor speed and dV  is the displacement of the compressor stage. From (Eq. 2-4) it can 
be seen that the volumetric efficiency depends linearly on the specific volume of the suction gas. Therefore the 
amount of superheat at the compressor inlet has a strong influence on the volumetric efficiency since the vapor 
density decreases significantly for larger amounts of superheat. The compressor speed, even though not explicitly 
measured, was assumed to be 3600rpm, corresponding to the 60Hz power supply used, without having any 
significant slip between the motor’s rotor and stator. It was also assumed that the compressor did not have any 
significant internal leakage between the compression stages. Thus, the mass flow rates through both compression 
stages were assumed to be equal. The volumetric efficiencies were calculated independently for the two 
compression stages and are shown in Figure 2-24. The volumetric efficiencies for both compression stages are 
plotted versus their compression ratios. Linear curve fits for both stages are provided which served as inputs to the 
simulation model.  
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Figure 2-24: Volumetric stage efficiencies of the ECU two-stage compressor 
The compression efficiency is defined to be the ratio of the isentropic compression enthalpy difference to 
the enthalpy difference required for the actual compression process [3]: 
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According to the definition the enthalpies in (2-5) are based on measurements inside the compressor. Since 
this data was not available the measurements were taken at the ports of the compressor, neglecting heat transfer and 
pressure drop within the compressor unit. Figure 2-25 shows the compression efficiencies for both stages plotted 
versus their compression ratios. Again, linear curve fits are provided. In comparison to Figure 2-24 it can be seen 
that the uncertainty of the linear curve fit was lower for the calculated volumetric efficiencies, represented by the 
higher R2 values shown in the plots. For identical low-side and high-side pressure ratios, the resulting volumetric 
efficiencies of both stages are approximately equal. This is not the case for the compression efficiencies, which were 
consistently lower for the low stage compression process. This difference occurs, because the flow exiting the low 
stage compressor is internally used to cool the electric motor driving the compressor before it is fed into the 
intercooler. 
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Figure 2-25: Compression stage efficiencies of the ECU two-stage compressor  
Thus, the low stage exit enthalpy determined by measurements is equal to the actual compression exit 
enthalpy plus the contribution of the motor cooling heat transfer. The comparison of the gas cooler with the 
intercooler performance (Figures 2-21 and 2-22) shows that the effectiveness of the intercooler would benefit from a 
compressor design in which the flow of the high stage compressor exit would be used to cool the electric motor. 
Such a design would reduce the load on the intercooler. 
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In general it is not possible to calculate mechanical and isentropic efficiencies for hermetic two-stage 
compressors, because no explicit information is available about how the work input is distributed within the 
compressor. 
The trend of the lower low stage efficiency is reflected by Figure 2-26 which shows the compression power 
distribution of the two-stage compressor used. The specified suction and intermediate pressures in Figure 2-26 are 
the average values of the corresponding pressures of each test series (‘W1’ to ‘W3’). The pressure values next to the 
data labels indicate the corresponding discharge pressures. The power terms were calculated from enthalpy 
differences determined from the pressure and temperature measurements and the refrigerant mass flow rate. These 
terms represent the actual compression work rates done on the refrigerant.  
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Figure 2-26: Compressor power distribution 
However, the sum of these power terms is not equal to the total electrical power consumed by the 
compressor assembly since this value also contains the motor losses and compression inefficiencies. For the purpose 
of calculating the individual stage loads it was assumed that the internal compressor leakage between the two stages 
was negligible. From Figure 2-26 it can be seen that the compression power of the two stages was not equally 
distributed. For the test conditions investigated (‘W1’, ‘W2’ and ‘W3’ for different high-side pressures as in Figure 
2-7), the low stage load always exceeded the high stage load. For high outdoor ambient conditions (‘W3’) and low 
high-side pressures the compression load maldistribution was significant. In this case, the low stage compressor did 
65.6% of the total work. For low outdoor ambient temperatures (‘W1’) and high discharge pressures, the differences 
between the compression power terms become smaller. For these cases the fraction of the low stage power 
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decreased to 59.6% of the total compression power. A more equal load distribution is expected to be beneficial in 
terms of intercooler performance improvements. 
2.4 Simulation Model Validation 
2.4.1 Model Description 
The baseline system was modeled with a finite element approach using EES software [7]. The work was 
based on the steady state model of an automotive air conditioning system [8]. The model consists of a two-stage 
compressor, a gas cooler, a suction line heat exchanger, an expansion valve, an evaporator and an intercooler. The 
model is constrained to transcritical simulations and requires non-superheated evaporator exit conditions. In order to 
run the simulation, several model parameters have to be provided, such as the air inlet conditions to the gas cooler, 
the intercooler and the evaporator. Transcritical CO2 systems have an additional degree of freedom due to the 
adjustable high-side pressure which therefore has to be provided as a model input. The model can then be run for 
different refrigerant high-side pressures at unchanged air inlet conditions in order to determine the performance 
maximizing high-side pressure. In the case of the baseline system, the pressure in the intercooler depends on the 
displacement volumes of the two-stage compressor and the air inlet conditions to the intercooler. Thus, the 
intercooler pressure is a result of the system design and operating condition rather than being an adjustable 
parameter. The refrigerant charge in the system affects the evaporator outlet quality, which is therefore an input 
parameter. Performance maximizing evaporator exit qualities were later found experimentally to be between 0.95 ≤ 
x ≤ 1.0. The individual components (modules) are linked with interface variables on the refrigerant-side. The 
interface variables are typically intensive as well as extensive properties such as refrigerant temperature, pressure 
and mass flow rate at the inlet to a component. Due to this structure it is possible to isolate the different components 
and to simulate their performances individually, provided the appropriate interface variables are specified in addition 
to the input parameters. 
The two-stage compressor is modeled based on experimentally determined correlations for the volumetric 
and compression efficiencies described earlier in this chapter. The compression efficiency of the low stage was 
found to be significantly lower than the high stage efficiency. This is due to the fact that the discharge gas of the low 
stage is used internally to cool the electric motor of the compressor. Hence, pressure and temperature measurements 
taken at the outlet of the low stage compressor reflect this additional heat input by decreased compression 
efficiency. However, this relatively low efficiency was used in the simulation model to facilitate the comparison 
between experimental and analytical results. 
The model structures of the gas cooler and the intercooler are similar even though the intercooler is of a 
cross flow design whereas the gas cooler is designed as a cross-counter flow heat exchanger. The air passes through 
four parallel rows of microchannel tubes (slabs). Both heat exchangers also have identical microchannel tube 
geometries. The refrigerant flow in the intercooler is distributed from the inlet header to the four parallel slabs. Due 
to the refrigerant-side temperature glide, the mass flow rate is not evenly distributed to the four slabs, because the 
effective refrigerant densities are different in the individual slabs. Hence, only the pressure drops across the 
individual slabs were assumed to be equal, resulting in slightly higher mass flow rates in the slabs with higher 
average refrigerant densities. Because of the temperature glides, large numbers of finite elements were chosen for 
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both the gas cooler and the intercooler. Each microchannel tube of each slab was divided into 40 equally sized 
elements. Logarithmic mean temperature difference methods on both the air and refrigerant-side yield the 
corresponding heat transfer rate balances for the individual elements. Emphasis was put on modeling the real 
structure of the heat exchanger in combination with validated correlations (Table 2-3) for air and refrigerant-side 
heat transfer coefficients and pressure drops. 
Table 2-3: Pressure drop and heat transfer correlations used to model the heat exchangers 
 
Pressure drop 
refrigerant-side 
Pressure drop 
air-side 
Heat transfer 
refrigerant- side 
Heat transfer 
air- side 
Gas cooler 
Intercooler 
with friction factor from 
Churchill correlation Chang & Wang 
with Nusselt number from 
Gnielinski correlation Chang & Wang 
Evaporator Nino Kays & London and Kim for wet surfaces Radermacher & Hwang Chang & Wang 
SLHX 
with friction factor from 
Churchill correlation (high 
side) / Nino (low side) 
- 
with Nusselt number from 
Gnielinski correlation - 
 
The evaporator was also modeled with a finite element approach, but the number of elements used per 
microchannel tube was only two. This can be done without a significant loss in accuracy, because the evaporation 
pressure and thus the refrigerant temperature in the evaporator are almost constant in the two-phase region. Only the 
refrigerant-side pressure drop across the coil causes slightly lower evaporation temperatures towards the exit of the 
component, provided that the refrigerant is at most in the saturated vapor state at the exit. The suction line heat 
exchanger is modeled with eleven elements on both the high pressure and the low pressure side. Since the 
evaporator exit is required to be in a two-phase condition, the first of the eleven low pressure elements of the suction 
line heat exchanger accounts for the evaporation of the remaining liquid while the following ten elements model the 
superheating process of the suction vapor. Thus, with decreasing inlet quality to the suction line heat exchanger, the 
length of the first element increases, while the remaining lengths of the ten superheating elements are equally sized. 
The expansion process is modeled to be adiabatic having identical refrigerant enthalpies at the valve’s inlet and 
outlet. Further, pressure drops across piping and the suction accumulator are also accounted for and the additional 
elements are also treated to be adiabatic. 
2.4.2 Simulation Model Results 
The experimental results of the previously described tests were used to validate the system model over a 
wide range of operating conditions. For some conditions, numerical convergence problems were observed, in 
particular for test runs with high discharge pressures at the high stage compressor. Figure 2-27 shows a Ph-diagram 
for test condition ‘W3’ with a high-side discharge pressure of 12 MPa.  
The results presented in the diagram shown are representative for many test conditions investigated 
experimentally as well as analytically and show the good agreement between model prediction and experimental 
data. The test condition in Figure 2-27 reveals a trend which was also observed for many other test runs, i.e. the exit 
temperatures on both sides of the suction line heat exchanger overpredict the experimental results. This could be due 
to the modeling approach chosen, where the length of the first element of the SLHX (low pressure side) varies 
dependent on the inlet quality to the component.  
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Figure 2-27: Comparison of experimental and simulated results in a Ph-diagram for test condition ‘W3’ at a 
high-side pressure of 12MPa 
Figures 2-28 through 2-30 directly compare the predicted versus the experimental performances. The test 
conditions were ‘W1’, ‘W2’ and ‘W3’ for various discharge pressures at the high stage compressor. The 
experimental results were already discussed previously in detail. 
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Figure 2-28: Comparison of experimental and predicted cooling capacity, compressor power and COP for test 
conditions ‘W1’, ‘W2’ and ‘W3’ at various high-side pressures 
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Figure 2-28 compares the cooling capacity of the evaporator, the total power required to compress the 
refrigerant in both stages and the system COP. It should be noted, that the work rates are based on enthalpy 
differences and that the system COP is calculated from these values for the different test conditions. Also indicated 
are the ±10% error lines. In all conditions simulated, the predicted cooling capacity was within the ±10% error 
margin, compared to the experimental results. The accuracy of the predicted compressor power was within the same 
range in almost all cases. The deviations of the calculated COP versus the experimental value can be larger, because 
the uncertainties of the cooling capacity and the compressor power do not necessarily cancel in their ratios.  
Figure 2-29 gives both experimental and simulated results for the gas cooler, the intercooler and the SLHX 
capacities. While the predicted heat rejection capacity of the gas cooler agrees generally well with the experimental 
data, both the actual SLHX and the intercooler capacities tend to be overpredicted by the model. 
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Figure 2-29: Comparison of experimental and predicted gas cooler, intercooler and SLHX capacities for test 
conditions ‘W1’, ‘W2’ and ‘W3’ at various high-side pressures 
Even though the predicted capacities are well within an acceptable range, the predictions of the refrigerant-
side pressure drops in the individual components are less accurate. Especially the pressure drop deviations on the 
high pressure side of the system can exceed the experimental values by more than 20% due to the correlations used. 
However, Figure 2-30 clearly indicates that the total pressure drops on both the high and the low pressure sides are 
very large with up to 900kPa on the high pressure and 750kPa on the low pressure side, respectively. This result 
reveals the biggest potential for improvements of the overall system performance. For typical evaporation pressures 
in CO2 air-conditioning systems, a pressure difference of 500kPa corresponds to a difference of approximately 5°C 
in evaporation temperature. 
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Figure 2-30: Comparison of experimental and predicted high and low-side refrigerant pressure drops for test 
conditions ‘W1’, ‘W2’ and ‘W3’ at various high-side pressures 
The validated system model is believed to be sufficiently accurate in order to further explore the system 
performance for test conditions not covered in the experimental test matrix. 
2.5 Conclusions 
A breadboard Environmental Control Unit (ECU) with R744 in transcritical operation was tested 
experimentally and analytically. It was found that the ECU in its current design performed well enough to exceed 
the target capacity of 10.5kW (3tons) at an ambient outdoor temperature of 51.7°C (125°F) and an indoor 
temperature of 32.2°C (90°F) at 50% RH. The design air flow rates were 0.8967m3/s (1900SCFM) on the outdoor 
side and 0.5663m3/s (1200SCFM) on the indoor side, respectively. A system specific high-side pressure control 
equation was derived from initial experiments carried out and used in subsequent tests to obtain performance 
maximizing operational conditions. An analysis of the individual components revealed their potentials for further 
improvements. Except for the high pressure side of the suction line heat exchanger, all components showed 
significant pressure drops on their refrigerant-sides at the test conditions investigated. Reductions of these pressure 
drops will be beneficial to both the achievable cooling capacity as well as to the system COP of the system. The gas 
cooler effectiveness was consistently high (ε>95% for most conditions), revealing that the gas cooler / intercooler 
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air-side area ratio can be reduced in order to improve the performance of the intercooler. Further benefits are 
expected if an intercooler of a cross-counter flow design is used instead of the currently employed cross flow design. 
The cross-counter flow design is expected to reduce the large intercooler approach temperatures, which were 
determined to exceed 13°C, depending on the test condition. The load distribution analysis of the hermetic two-stage 
compressor showed, that the work done by the low stage compressor always exceeded the work done by the high 
stage compressor. While the volumetric efficiencies of both stages were comparable, the compression efficiency of 
the low stage compressor was consistently lower than the corresponding efficiency of the high stage compressor, 
resulting from the low stage discharge gas being used to internally cool the electric motor. A compressor design in 
which the electric motor would be cooled by the discharge gas of the high stage compressor would effectively 
reduce the load on the intercooler, which was identified to be the component with the highest improvement 
potential.  
An analytical system model using a finite element approach was implemented and validated over the wide 
range of test conditions investigated. Emphasis was put on modeling the components according to their inherent 
physics and geometries. The measured and predicted heat exchanger performances agreed in general very well. In 
particular the predicted cooling capacity of the evaporator was within ±10% of the measured capacities for most of 
the validated test conditions. The system model is sufficiently accurate and sensitive to further explore the ECU 
analytically. 
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Chapter 3. Effects of New Approach to Improve  
Performance - Flash Gas Removal 
3.1 Introduction 
The baseline system in its current breadboard design described in Chapter 2 was proven to meet the target 
cooling capacity of 10.5kW and improvement potentials with respect to the components used were identified. 
However, the application of the flash gas removal (FGR) concept to the existing R744 ECU is expected to result in 
further performance increases. In particular, this promising new approach improves the low pressure side of the 
system, where refrigerant vapor created during the isenthalpic throttling process is bypassed around the evaporator. 
The improvements result from the circumstance that the evaporator is fed with liquid refrigerant only, independent 
of the operating conditions of the cycle. This chapter describes the concept and its expected benefits in detail. The 
experimental results of the improved system are directly compared to the baseline setup. A simulation model helps 
to further investigate the benefits of the flash gas removal system numerically.   
3.2 Description of the FGR Concept and Expected Benefits 
In a conventional vapor compression system, refrigerant under high pressure is expanded to a lower 
pressure before it enters the evaporator. In transcritical systems using R744, the refrigerant at the inlet to the 
expansion device is typically a single phase fluid with its high-side pressure exceeding the critical pressure. The 
refrigerant state at the outlet of the expansion device is in a two phase condition, provided that the fluid crosses the 
saturated liquid line during the isenthalpic expansion process. In this case, refrigerant vapor is created during the 
throttling process, resulting in a certain vapor mass fraction (refrigerant quality) at the evaporator inlet. In terms of 
specific enthalpies the refrigerant quality is defined as: 
liquidvapor
liquidin,evaporator
in,evaporator hh
hh
x
−
−
=  (3-1) 
where in,evaporatorh  denotes the specific enthalpy at the evaporator inlet and liquidh  represents the specific enthalpy 
of the refrigerant in the saturated liquid state at the same saturation pressure as the refrigerant at the evaporator inlet. 
Similarly, vaporh  is defined to be the specific enthalpy of the refrigerant in the saturated vapor state. The specific 
enthalpy at the evaporator inlet and its corresponding quality are strong functions of the system’s heat rejection 
capabilities in the gas cooler in combination with the variable high-side pressure and the effectiveness of the heat 
exchange in the suction line heat exchanger. 
Irreversibilities in the evaporator are minimized when the heat exchange occurs at a constant refrigerant 
temperature. Ideally, refrigerant in a saturated liquid state would enter the evaporator and exit it as pure vapor, using 
the maximum possible amount of phase change enthalpy difference at a given saturation temperature. However, in 
real R744 systems, the evaporator inlet and outlet qualities can differ significantly from x = 0.0 and x =1.0, 
respectively, depending on the operating conditions. The following considerations are based on the assumption that 
the refrigerant exit quality of the evaporator equals x = 1.0. The cooling capacity ( )coolingQ&  of the evaporator is 
defined as: 
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evaporatorrcooling hmQ ∆&& =  (3-2) 
where rm&  is the refrigerant mass flow rate and evaporatorh∆  is the refrigerant’s specific enthalpy difference across 
the evaporator, which is not necessarily equal to the maximum possible phase change enthalpy difference at a given 
saturation temperature. From (3-2) it can be seen that the cooling capacity decreases in evaporators with inlet 
qualities greater than x = 0.0 due to the reduction of the specific enthalpy difference across the evaporator, provided 
the refrigerant mass flow rate is constant. As a result, some fraction of the refrigerant flow enters the evaporator 
already in a vapor state without having a significant cooling effect. 
The idea of the flash gas removal concept is to bypass the vapor which occurred during the expansion 
process around the evaporator. The concept can be implemented by using a so-called flash tank downstream the 
expansion valve instead of a suction accumulator downstream the evaporator. Figure 3-1 shows a schematic of the 
FGR approach applied to the baseline system using a two-stage compressor with intercooling.   
 
Figure 3-1: Application of the Flash Gas Removal concept to the baseline ECU system having a two-stage 
compressor with intercooling 
In comparison to a conventional system, the refrigerant is expanded directly into the flash tank rather than 
into the evaporator inlet header. The flash tank still serves as an accumulator storing excessive refrigerant for test 
conditions requiring smaller mass in the system’s high pressure side. In addition, it also acts as a separator, because 
due to the different vapor and liquid densities, the heavier liquid phase accumulates at the bottom of the device 
whereas the lighter vapor phase occupies the space on top of the liquid. Figure 3-1 shows that the evaporator is fed 
with pure liquid and the vapor is bypassed around the evaporator through the FGR valve. The liquid refrigerant flow 
creates a pressure drop in the evaporator. In order to mix the bypass flow back to the evaporator exit flow, the FGR 
valve is necessary to create an identical pressure drop in the bypass line. Since the pressure drop across the 
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evaporator is not constant but rather depends on the operating conditions, a stepper motor valve with variable 
opening areas was used in the bypass line to adjust the pressure drop across the FGR valve.  
The following considerations are still based on an evaporator outlet quality of x = 1.0. It is now explained 
how the evaporator mass flow rate is influenced by the application of the FGR concept to the conventional system. 
At an operating condition, where conv,rm&  and conv,inx  are the refrigerant mass flow rate and inlet quality at the 
evaporator of the conventional system, respectively, an ideal liquid – vapor flow separation in the flash tank of the 
FGR system results in: 
conv,rconv,inliquid,FGR,r m)x1(m && −=  (3-3) 
conv,rconv,invapor,FGR,r mxm && =  (3-4) 
where liquid,FGR,rm&  denotes the main mass flow rate through the evaporator of the FGR system and vapor,FGR,rm&  is 
the bypassed vapor mass flow rate through the FGR valve. The cooling capacity according to (3-2) will be equal for 
both the FGR and the conventional system at identical operating conditions. However, in contrary to the 
conventional system the FGR evaporator makes use of the maximum possible amount of phase change enthalpy 
difference with a reduced refrigerant mass flow rate. In the conventional system the same capacity is obtained with a 
larger evaporator mass flow rate and a reduced specific enthalpy difference across the evaporator. By adding (3-3) 
and (3-4) it can be seen that the refrigerant mass flow rate of the FGR system downstream the mixing point is equal 
to the mass flow rate in the conventional system. 
Figure 3-2 illustrates the differences between the conventional and the FGR system in a Ph-diagram. 
Shown is only the low pressure side of the system. The pressure drops across the evaporator of both the 
conventional and the FGR system are exaggerated in order to emphasize on the differences between the two 
systems.  
For an incoming flow into the flash tank at a steady state condition with a certain inlet quality, there is 
exactly one FGR valve setting which ensures an ideal separation of the liquid and the vapor phase. If the FGR valve 
opening area is too small, more liquid will be forced through the evaporator and the system will eventually settle at a 
new steady state condition with an evaporator exit quality of less than x = 1.0, provided the air-side conditions 
remain unchanged. Conversely, if the FGR valve opening area is too large, the pressure drop across the FGR valve 
decreases. In order to match this reduced pressure drop, the mass flow rate through the evaporator decreases and the 
system reaches a new equilibrium condition with a superheated evaporator exit. For both cases in which new 
equilibrium conditions are achieved, the inlet quality to the flash tank as well as the height of the liquid column in 
the flash tank has to change. 
The FGR concept provides several potential benefits on the low pressure side of a refrigeration system 
which are going to be explained next. 
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Figure 3-2: Comparison of a conventional and a FGR system in the R744-Ph-diagram 
Improved refrigerant distribution in the evaporator inlet header 
The heat exchangers used in transcritical R744 cycles are typically of a microchannel tube design. As 
shown in [9], this particular design is very sensitive to refrigerant-side mal-distributions in the evaporator inlet 
header. Non-uniform refrigerant distribution is a well-known problem in the operation of conventional systems, 
where a two-phase flow enters the evaporator. The primary goal is to evenly distribute the incoming liquid to the 
numerous microchannel tubes and ports.  
In the worst case a complete liquid – vapor separation takes place in the inlet header with the result that a 
number of ports are fed with pure vapor and the remaining ports with pure liquid. This effect leads to a reduction of 
the effective heat transfer area, because the channels provided with saturated vapor do not contribute significantly to 
the cooling capacity of the evaporator. Especially heat exchanger designs with long inlet headers from which many 
microchannel tubes are fed in parallel can be affected seriously by this circumstance. However, this problem cannot 
occur in FGR systems, because the fluid provided to the numerous refrigerant ports of the heat exchanger is a single-
phase liquid. Thus, a larger effective refrigerant-side heat transfer area results from the implementation of the FGR 
approach in comparison to a conventional system. Because of the improved refrigerant distribution largely 
superheated evaporator zones are reduced in size creating much more uniform air-side temperature profiles as well. 
Thus, in comparison to the conventional system the suction pressure of the FGR system can be raised in order to 
rin mx &⋅( ) rin mx-1 &⋅
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obtain equal cooling capacities at identical operating condition. This eventually reduces the compression work 
required because of the reduced overall pressure ratio. Therefore, COP increases are expected from the 
implementation of the FGR approach. 
Reduced refrigerant-side pressure drop 
The FGR concept is also capable of reducing the refrigerant-side pressure drop on the system’s low 
pressure side for several reasons. First of all, the refrigerant mass flow rate through the evaporator is reduced due to 
the liquid – vapor separation according to (3-3) and (3-4). The potential pressure drop reduction is largest for 
operating conditions with relatively high refrigerant inlet qualities to the flash tank, resulting in large evaporator 
flow rate reductions in comparison to the conventional system. 
Another reason for the reduced refrigerant-side pressure drop is the lower average void fraction in the 
evaporator of the FGR system. For a refrigerant in a two-phase state its void fraction is defined as the ratio of the 
vapor volume to its total volume. If the refrigerant at the evaporator inlet is already partly in the vapor phase as in 
the case of the conventional system, the average volume of vapor present in the evaporator is larger than in the FGR 
system, where saturated liquid enters the heat exchanger. The mass continuity requires higher refrigerant velocities 
for the vapor phase because of its lower density. Thus, the pressure drop in the conventional system having the 
higher evaporator void fraction is larger than in the FGR system at operating conditions with identical refrigerant 
qualities downstream of the expansion device.  
Another pressure drop reducing effect is achieved due to the component arrangement on the FGR system’s 
low pressure side. In the conventional system, the suction accumulator is mounted downstream the evaporator. The 
accumulator is responsible for a significant pressure drop in particular for test conditions requiring large refrigerant 
mass flow rates. In the FGR setup however, this pressure drop contribution is completely eliminated, because the 
flash tank is mounted upstream the evaporator. The pressure drop across the flash tank can be considered as part of 
the expansion process and does therefore not have any influence on the low-side pressure drop. In general, large 
refrigerant mass flow rates are obtained for relatively low evaporator outlet qualities with small amounts of 
superheat downstream the suction line heat exchanger at the compressor inlet. The relatively high suction density at 
the compressor inlet causes the mass flow rate to increase. As a result, the refrigerant quality downstream the 
expansion valve tends to decrease in this case. For an expansion valve outlet quality of x = 0.0 the FGR concept 
theoretically reduces to the conventional case since there is no vapor present to be separated in the refrigerant flow 
entering the flash tank. But even in this case the FGR system still has a reduced low-side pressure drop in 
comparison to the conventional system, because of the eliminated accumulator pressure drop. However, due to the 
flash tank being installed upstream the evaporator, liquid slugging at the compressor inlet, especially during system 
start up, is more likely to occur. 
Improved refrigerant-side heat transfer coefficient 
According to [10], R744 was found to have increased heat transfer coefficients at lower qualities, unlike 
many common refrigerants. Depending on the evaporation temperature, the refrigerant mass flux and the transferred 
heat flux, the measured heat transfer coefficients were as high as h ≈ 20,000 W/m2-K and dropped sharply at 
qualities of approximately x = 0.5 and larger to values of h ≈ 5,000  W/m2-K.  
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In comparison to the conventional system, the FGR concept is able to make better use of the increased heat 
transfer coefficients, because the effective refrigerant-side area within the heat exchanger where the quality is lower 
than x = 0.5 is larger in the FGR evaporator. This circumstance results in an improved heat transfer in the FGR 
evaporator at least in the regions of low refrigerant qualities. The effects of increased refrigerant-side heat transfer 
coefficients were also investigated with the simulation model. 
Improved system design 
Besides the benefits already described, the FGR concept can also improve the general system design in case 
it is desired to implement the capability to operate the ECU in heat pump mode as well. Figures 3-3 and 3-4 show 
combined air-conditioning and heat pump systems, where the system presented in Figure 3-4 uses the FGR concept. 
Both systems can be switched between the two operational modes by means of 8/2 way valves (8 tube connections 
and 2 valve positions). Both systems shown are in A/C mode and can be switched to H/P mode by moving the valve 
body to the left position. 
The conventional system requires two expansion valves. In addition, two ball valves are necessary, because 
only one expansion valve is needed for each mode. The expansion valve not used has to be bypassed in order to 
reduce the refrigerant-side pressure drop. However, the FGR concept requires only one expansion valve for both 
modes. In addition, the flow direction through the expansion valve is the same in both A/C and H/P operation.  
 
Figure 3-3: Conventional A/C and H/P system (shown in A/C mode) requiring two expansion and two ball 
valves 
Another metering valve, which in a final design might be replaced by a fixed orifice, acts as the FGR 
bypass valve. Unlike the conventional setup, the FGR system does not require any ball valve, which reduces the 
number of components. Another advantage of the FGR system is that the suction line heat exchanger is operated in a 
counter-flow arrangement in both modes, whereas the SLHX of the conventional design works only in a parallel 
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flow configuration in the H/P mode. The SLHX effectiveness in H/P mode is therefore expected to be improved 
when the FGR concept is used. 
 
Figure 3-4: Improved A/C and H/P system design (shown in A/C mode) due to the implementation of the FGR 
concept  
3.3 Experimental Results 
The FGR system presented in Figure 3-1 was experimentally investigated and its performance was 
compared to the conventional baseline system having an accumulator downstream the evaporator instead of the flash 
tank. A detailed description of the experimental test facility can be found in Chapter 2. The two systems were 
compared at test condition ‘D2’ from the original test matrix with an ambient outdoor air temperature of 43.3°C. 
The ambient air temperature at the inlet to the evaporator was 32.2°C. The indoor and outdoor air flow rates were 
0.5663m3/s and 0.8967m3/s, respectively. The compressor speed was kept constant at approximately 3600rpm 
(60Hz) for all tests. This was necessary to ensure sufficient internal lubrication of the prototype two-stage 
compressor. In contrary to the experiments carried out by [9], it was not possible with this setup to adjust the 
compressor speed in order to match the cooling capacities of the baseline system with the FGR setup. Thus, the 
application of the FGR concept resulted in increased capacities and COPs at the same time. Furthermore, a test 
condition without dehumidification was chosen, because an infrared camera was used to record surface temperature 
profiles of the evaporator. At test conditions with dehumidification, the surface of the coil is entirely wet, equalizing 
the surface temperatures. Hence, the expected refrigerant distribution benefits of the FGR system can only be 
visualized properly with this technique for having dry evaporator surfaces. 
3.3.1 FGR System Performance and Comparison to Baseline System 
The following results demonstrate how the FGR concept is capable of improving the system performance 
with respect to the cooling capacity and COP. 
 43 
Figure 3-5 shows that the COPs and cooling capacities of both the baseline and the FGR system are 
strongly influenced by the refrigerant quality at the evaporator exit. The tests at condition ‘D2’ were repeated for 
several exit qualities between x = 0.6 and x = 1. As the quality at the exit of the evaporator increases, the quality 
downstream the expansion valve increases as well (denoted ‘xin’ in Figure 3-5). This expansion valve exit quality is 
equal to the evaporator inlet quality in the baseline system. Another test point was taken with approximately 7°C 
superheat at the exit of the evaporator. The performance values shown are averaged results from the chamber and 
the air-side energy balances. The refrigerant-side energy balance was not used because the reduced refrigerant mass 
flow rate through the FGR evaporator was not measured directly. It can be seen that both systems performed best in 
terms of COP and capacity with evaporator exit qualities of approximately x = 0.9, which represents an important 
design parameter for future R744 ECU designs. The curves for the COPs and the cooling capacities show similar 
behavior. At low exit qualities, the differences in COP and capacity between the FGR and the baseline system are 
small, because the bypassed vapor mass flow rates are small. With increasing quality the differences in performance 
between the two systems become larger. Both systems achieved their maximum performances at xout ≈ 0.9. Further 
increases in exit quality caused the capacity and the COP to drop, but the performance differences between the FGR 
and the baseline system increased even more. This shows that the implementation of the FGR concept is particularly 
beneficial to baseline systems with high evaporator inlet qualities. Typically, this occurs when the heat rejection 
capability of the system in the gas cooler is limited by high ambient outdoor temperatures or insufficient heat 
transfer effectiveness.  
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Figure 3-5: FGR and baseline system performance comparison as a function of the expansion valve exit and the 
evaporator exit qualities at test condition ‘D2’ 
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In addition, the FGR concept results in significant performance improvements when the refrigerant exiting 
the evaporator is in a superheated state. This practically unrealistic condition however could occur in case the 
system is charged with an insufficient amount of refrigerant. The performance benefits are summarized in Table 3-1.  
As already mentioned, the improvements in COP and cooling capacity are not separated in the present 
comparison, because with the current compressor design it was not possible to vary its speed due to the potential risk 
of insufficient internal lubrication. Otherwise the speed of the compressor could have been varied in the FGR system 
experiments in order to match the cooling capacity of a given baseline data point. 
Table 3-1: FGR system performance improvements in comparison to the baseline setup at test condition ‘D2’ 
Evaporator inlet 
quality [-] (baseline) 
Evaporator exit 
quality [-] 
Change in 
COP [%] 
Change in cooling 
capacity [%] 
0.06 0.73 1.0 0.8 
0.08 0.79 2.9 1.6 
0.14 0.89 3.7 3.6 
0.19 0.95 5.2 5.5 
0.21 0.99 5.8 4.6 
0.28 7°C superheat 6.9 9.0 
 
The COP improvements would have been bigger than the values shown in Table 3-1 because of the 
possibility to increase the suction pressure. In the case of the present data a fraction of the overall COP improvement 
potential was traded for higher cooling capacities, because both the COP and the capacity increased at the same 
time. 
If the COP improvement is plotted versus the capacity improvement as shown in Figure 3-6, the 
approximate trade-off between the two performance parameters can be investigated. From the linear curve fit it can 
be seen that 1% of capacity improvement corresponds to approximately 0.67% of COP improvement for the 
operation conditions considered. This approximate correlation can be used to predict the maximum possible 
improvements potentials in terms of COP and cooling capacity for the cases in which the FGR system is operated at 
conditions to match the baseline capacity or the baseline COP, respectively. 
Table 3-2 shows, that a maximum COP improvement of 12.9% is expected for a test in which the cooling 
capacity of the FGR system matches the capacity of the baseline system at otherwise identical operation conditions. 
On the other hand, if the FGR system is adjusted to match the COP of the baseline experiment, the FGR system can 
achieve an up to 19.3% higher cooling capacity than the baseline system. As mentioned earlier, these maximum 
improvements can only be observed for conditions in which the refrigerant exits the evaporator in a superheated 
state. However, this is not the case in typical R744 system operation in which the refrigerant exits the evaporator in 
a two-phase condition. In this more realistic case, the FGR concept can still improve the COP and the cooling 
capacity by approximately 9% and 13%, respectively, in comparison to the baseline system performance. These 
performance benefits agree with earlier results discussed in [9]. 
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Figure 3-6: Trade-off between COP and cooling capacity improvement in the comparison of the FGR system 
with the baseline setup at test condition ‘D2’ as an effect of different qualities at the baseline evaporator inlet 
Table 3-2: Maximum possible performance improvements of the FGR system in comparison to the baseline 
setup at test condition ‘D2’ 
Evaporator inlet 
quality [-] (baseline) 
Evaporator 
exit quality [-] 
Maximum possible 
COP improvement [%] 
Maximum possible 
cooling capacity 
improvement [%] 
0.06 0.73 1.6 2.4 
0.08 0.79 4.0 5.9 
0.14 0.89 6.1 9.1 
0.19 0.95 8.9 13.3 
0.21 0.99 8.9 13.3 
0.28 7°C superheat 12.9 19.3 
 
3.3.2 Separation of FGR Improvement Mechanisms 
So far only the impacts of the FGR concept on the overall system performance were analyzed. In order to 
gain a better understanding of how the individual improvement mechanisms of the FGR concept, namely the 
reduction of the refrigerant-side pressure drop, the improved refrigerant distribution in the evaporator inlet header 
and the increased refrigerant-side heat transfer coefficient affect the system performance, it is necessary to separate 
these potentials. 
The effects of the increased heat transfer coefficient in the evaporator can be studied by analyzing the 
overall UA values of the evaporator obtained in the baseline system experiments and by comparing them to the 
corresponding values of the FGR system investigations. The overall UA value of the evaporator is defined as: 
air,convcond744R,conv RRRUA
1
++=  (3-5) 
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where the terms on the right hand side of (3-5) represent the convective thermal resistance on the refrigerant-side, 
the conductive thermal resistance resulting from the thermal conductivity of the aluminum fins and microchannel 
tubes in combination with their prescribed geometric design and the convective thermal resistance on the air-side of 
the evaporator, respectively. It can be assumed that the conductive as well as the convective resistances on the air-
side are approximately constant, provided the air ambient conditions remain unchanged during the different 
experiments. However, for conditions with superheated refrigerant at the evaporator exit, the determination of the 
UA values from experimental data becomes more difficult as the superheat influences the temperature difference 
used in the logarithmic mean temperature difference (LMTD) method.  
Generally, increased refrigerant-side heat transfer coefficients are reflected by larger overall UA values, 
because: 
744R744R
744R,conv Ah
1R
⋅
=  (3-6) 
where hR744 is the refrigerant-side heat transfer coefficient and AR744 is the refrigerant-side heat transfer area of the 
evaporator. From (3-5) and (3-6) it is apparent that the relation between the refrigerant-side heat transfer coefficient 
and the overall UA value is not linear. The relative increases of the overall UA values due to the FGR concept in 
comparison to the baseline system experiments are shown in Figure 3-7.  
The relative increases of the refrigerant-side heat transfer coefficient were also determined from the 
experiments. For this purpose it was assumed that on average, the combined convective resistance of the air-side and 
the conductive resistance of the aluminum heat exchanger exceeded the convective resistance of the refrigerant-side 
by a factor of five.  
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Figure 3-7: Relative increases in overall UA value and refrigerant-side heat transfer coefficient of the FGR 
system in comparison to baseline system at test condition ‘D2’ as a function of the evaporator exit quality 
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The curves showing the relative increases in overall UA value and R744 heat transfer coefficients have 
similar behavior. As expected, at low refrigerant qualities at the evaporator outlet the FGR concept is reduced to the 
baseline system, because of the corresponding low expansion valve outlet qualities for which no significant liquid – 
vapor separation occurs in the flash tank upstream the evaporator. However, at test conditions with increased 
qualities or even superheated vapor at the evaporator exit, the FGR concept is capable of increasing both the overall 
UA value and the R744 heat transfer coefficient by up to approximately 13% and 140%, respectively, in comparison 
to the comparable baseline system tests. Although these improvements appear to be large, the evaporator is still 
dominated by its thermal air-side resistance. Thus, the simulation model introduced in Chapter 2 was used to 
investigate the impacts of these improvements on the system COP and cooling capacity. For this purpose, test 
condition ‘D2’ with a fixed evaporator outlet quality of x = 0.95 and an average refrigerant-side pressure drop of 
500kPa (found experimentally) was analyzed in two different ways. In Figure 3-8, the curve showing the influence 
of the R744 heat transfer coefficient on the COP was determined for a fixed cooling capacity of 12.5kW whereas the 
curve showing the possible improvements in cooling capacity was created for a fixed COP = 1.3. These two cases 
could have been achieved experimentally by allowing different compressor speeds. 
Figure 3-8 indicates that increases in the R744 heat transfer coefficients are most beneficial to the system 
performance at conditions where the heat transfer coefficient is small. However, once the heat transfer coefficient is 
sufficiently large (≈ 15,000 W/m2-K) further increases affect the system performance less significantly, because of 
the air-side resistance becoming the performance limiting factor. At such conditions, further increases in system 
performance require either increased air flow rates or increased air-side heat transfer areas as will be discussed in 
Chapter 4.  
Together with Figure 3-7, estimates of the COP and cooling capacity improvements due to the increased 
heat transfer coefficient can be derived. By taking a typical evaporator exit quality of x = 0.95 and an experimentally 
determined average R744 heat transfer coefficient of h = 12,500W/m2-K for the baseline system, the FGR system is 
estimated to have an approximately 40% larger heat transfer (h = 17,500W/m2-K) coefficient. Thus, in comparison 
to the baseline system, both the maximum possible COP and cooling capacity improvements due to FGR are 
approximately 1% in this case. The FGR improvement potentials are higher for the practically unrealistic cases in 
which the refrigerant at the exit of the evaporator is superheated.  
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Figure 3-8:  Influence of the refrigerant-side heat transfer coefficient on COP and evaporator cooling capacity at 
test condition ‘D2’ (model prediction) 
As discussed previously, the FGR concept is able to reduce the refrigerant-side pressure drops significantly 
in comparison to the baseline system at identical test conditions. Figure 3-9 shows the experimentally determined 
pressure drop changes across the evaporator as well as across the entire low pressure side of the system at different 
evaporator exit qualities for test condition ‘D2’. The system’s low pressure side includes the evaporator, the low 
pressure side of the suction line heat exchanger, and, in the baseline system, also the accumulator. The 
corresponding inlet qualities of the data points plotted can be taken from Figure 3-5. Relative to the baseline system 
the pressure drop across the evaporator of the FGR system is reduced by approximately 25 to 35% for outlet 
qualities greater than x = 0.8. This value corresponds to an inlet quality of approximately x = 0.1 at which 
refrigerant mal-distribution in the evaporator header starts to develop in the baseline system and the refrigerant mass 
flow rate through the FGR evaporator starts to be reduced due to the liquid – vapor separation in the flash tank. For 
the outlet quality range considered the FGR concept reduces the total low-side pressure drop by approximately 15% 
relative to the baseline system at identical test conditions. However, the deviations in pressure drop changes 
measured from the trendlines shown are quite large, which explains why it appears that the FGR system is not 
completely reduced to the baseline case at very low evaporator exit qualities.  
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Figure 3-9: Relative refrigerant-side pressure drop reduction of the FGR system in comparison to baseline 
system at test condition ‘D2’ as a function of the evaporator exit quality 
As in the case of the heat transfer coefficient considerations, the simulation model was used to directly 
estimate the effects of the reduced refrigerant-side pressure drops on the system performance. For the simulation 
results shown in Figure 3-10 the evaporator outlet quality was again fixed at x = 0.95 and the R744 heat transfer 
coefficient was held constant at h = 12,500W/m2-K in order to study the effects of the reduced pressure drops only. 
The diagram shows that the possible COP and capacity improvements depend linearly on the pressure drop. This is a 
result of the fact that in the regions considered, a change in evaporation pressure is linearly related to the change in 
evaporation temperature, i.e. at an evaporation pressure of 4MPa, a pressure change of 0.1MPa pressure correlates to 
approximately 1°C in evaporation temperature. This explains why maximum reductions in pressure drop are 
desirable while on the other hand performance improvements due to increased heat transfer coefficients are limited. 
However, the simulation model showed convergence problems for refrigerant-side pressure drops across 
the evaporator of less than 0.35MPa. Thus, the linear trends shown in Figure 3-10 might not be true for very low 
evaporator pressure drops. As a result, the performance improvements due to reduced refrigerant-side pressure drop 
might as well be limited.   
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Figure 3-10:  Influence of the refrigerant-side pressure drop on COP and evaporator cooling capacity at test 
condition ‘D2’ (model prediction) 
From combining Figures 3-9 and 3-10 it is found that for a 35% pressure drop reduction across the FGR 
evaporator, the resulting COP and cooling capacity improvements are approximately 7% and 4%, respectively. 
Although the foregoing analysis was based on many assumptions and its results should therefore be understood as 
trends only, it becomes apparent that the major performance improvement mechanism of the FGR concept is based 
on the reduced refrigerant-side pressure drop rather than on the increased heat transfer coefficient. 
The remaining portions of the FGR performance improvements demonstrated by Figure 3-5 are due to the 
more uniform refrigerant distribution in the evaporator inlet header. In order to visualize the improved refrigerant 
distribution effects, an infrared camera was used to record the temperature profiles at the air inlet side of the 
evaporator, which corresponds to the refrigerant outlet slab in a cross-counter flow heat exchanger. Figure 3-11 
contains six pictures taken at different refrigerant conditions at the evaporator exit. The pictures in the left column 
(I, III and V) correspond the baseline system for outlet qualities of x = 0.71, x = 0.98 and 7°C superheat, 
respectively. The pictures in the right column (II, IV and VI) are the resulting temperature profiles of the FGR 
system, where pictures in the same row were taken at identical evaporator outlet conditions. The temperature scales 
shown in the pictures are identical, so that the different distribution patterns can be compared quantitatively. The 
grid-like pattern shown, results from the air inlet thermocouple grid which was installed in between the camera and 
the evaporator. Also, a small square can be seen in the lower half of each picture. This is the image of a small 
aluminum reference piece which was used to adjust the emissivity settings of the camera in order to relate the 
temperature readings shown in the pictures to the real surface temperatures of the heat exchanger.  
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I: Baseline, xout = 0.71 II: FGR, xout = 0.71
III: Baseline, xout = 0.98 IV: FGR, xout = 0.98
V: Baseline, 7°C superheat VI: FGR, 7°C superheat
 
Figure 3-11: Refrigerant distribution patterns of the baseline and the FGR system at test condition ‘D2’ for 
different evaporator exit conditions 
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Generally it was observed that the refrigerant was already well distributed in the baseline experiments, in 
particular for this evaporator design having very long headers. However, the FGR concept further improved the 
refrigerant distribution, especially as expected at conditions with larger evaporator exit qualities. By only comparing 
the pictures of the left column it can be seen that a wedge-shaped area at low exit qualities develops towards more 
superheated zones in the center of the heat exchanger with increasing outlet qualities. This indicates that the 
microchannel tubes at the center portion of the coil received less liquid refrigerant than the tubes in the left and right 
side regions. This obvious refrigerant mal-distribution is significantly improved in the FGR experiments. By 
comparing the pictures of each row (baseline versus FGR system at identical exit condition), it can be seen that the 
distribution patterns of the FGR system have less of a wedge-shape and that therefore the liquid refrigerant was 
distributed much more evenly to the individual microchannel tubes than in the baseline system. The difference 
between the two systems is most evident for the points taken at 7°C superheat at the evaporator exit. While the 
baseline system develops distinct regions of superheated zones, the surface temperature profile of the FGR system 
remains evenly distributed with only slightly elevated temperatures towards the refrigerant exit header located in the 
upper region of each picture. Thus, by eliminating the superheated zones the resulting air temperature profiles 
become more uniform, such that it is possible to operate the FGR system at higher evaporation pressures for a given 
baseline cooling capacity which further increases the COP. 
3.4 Conclusions 
The FGR concept was introduced and the expected benefits were described in detail. It was shown 
experimentally that this new approach is capable of improving the system COP as well as the cooling capacity by 
increasing the refrigerant-side heat transfer coefficient and by reducing the refrigerant-side pressure drop on the low 
pressure side of the system. In addition, FGR also improves the refrigerant distribution in the evaporator inlet header 
leading to further performance improvements because of the possibility to operate the system at higher evaporation 
pressures for a given capacity. As expected, the benefits become most significant at test conditions having large 
refrigerant qualities or even superheated refrigerant at the evaporator exit. The implementation of the FGR concept 
is therefore most promising for systems operated at high ambient outdoor temperatures or for systems with 
insufficient outdoor heat rejection capabilities. A numerically supported analysis showed that even though the 
increase in the R744 heat transfer coefficient is significant, the reduction in refrigerant-side pressure drop is the 
dominant improvement mechanism of the FGR concept having an approximately five times higher effect on the 
cooling capacity and COP improvements than the increased heat transfer coefficient.   
 53 
Chapter 4. Investigation of Major Design Parameters  
in a Transcritical R744 ECU System 
4.1 Introduction 
The baseline R744 ECU system described in Chapter 2 was tested both experimentally and analytically 
according to a specified test matrix. In particular, the air flow rates across the refrigerant-air heat exchangers were 
chosen to be equal to the air flow rates used in the current state-of-the-art R22 ECU systems. However, it is 
uncertain if the performance optimized flow rates of the R22 system are also capable of maximizing the 
performance of the R744 ECU. Therefore, experiments with different combinations of indoor and outdoor air flow 
rates were carried out in order to identify the performance improvement potential of the R744 system due to these 
important design parameters. In addition, the system performance was simulated with a validated model to 
investigate air flow rate combinations which were not covered by the experiments. 
Unlike the current R22 system, the prototype R744 ECU uses a combination of a two-stage compressor 
with intercooling. In general, little is presented in open literature about performance maximizing designs of R744 
systems featuring this option. In the case of the ECU the geometric space available for the heat exchangers is limited 
for both the combined gas cooler / intercooler assembly as well as for the evaporator by the desired overall ECU 
dimensions. The R744 gas cooler and intercooler share a common frame and their air-side area ratio was designed to 
be 3:1 by the heat exchanger manufacturer. This chapter also describes experiments in which this ratio was changed 
artificially. This was achieved by partly covering the gas cooler air-side area while keeping the intercooler air-side 
area as well as the total outdoor air flow rate constant. These experiments together with system simulations taking 
different area ratios into account give insight into how the available outdoor coil space should be distributed among 
the gas cooler and the intercooler. In addition, simulations were carried out for heat exchangers having different face 
area dimensions than the prototype models used in the experiments. These simulations allow assessing if the 
prescribed heat exchanger dimensions of the current R744 ECU design are justified or if only small changes in the 
allowable spacing would result in a significantly improved performance. 
Another important design parameter considered in this investigation is the intermediate pressure level in the 
intercooler and its effects on the overall system performance. Although mostly determined by the compressor design 
due to the fixed displacement volumes of the two compression stages, this study analytically explores further 
improvement potentials for the case of the intercooler pressure being a variable system parameter. In particular it 
was found that the general intercooler pressure correlation published in many texts does not seem to be applicable to 
transcritical R744 two-stage compressor systems with intercooling. The equation predicts that the maximum system 
COP occurs at an intercooler pressure equal to the geometric mean of the high-side and the low-side pressures.  
All tests discussed in this chapter were conducted with the baseline system described in Chapter 2. System 
specific details as well as a description of the experimental facility can be found there. A schematic of the baseline 
system is shown again in Figure 4-1. 
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Figure 4-1: Baseline ECU system consisting of two-stage compressor, gas cooler, suction line heat exchanger, 
expansion valve, evaporator and accumulator with liquid valve  
4.2 Operation with Modified Air Flow Rates 
4.2.1 Experimental Results 
Experiments and analytical investigations were carried out to study the influence of the air flow rates 
provided to the heat exchangers on the system performance. The air flow rates specified in the original test matrix 
(Chapter 2) were 0.8967m3/s and 0.5663m3/s for the outdoor and indoor side, respectively. Figure 4-2 gives an 
overview over the different indoor and outdoor air flow rate combinations investigated experimentally. The outdoor 
air flow rates shown represent the combined air flow rates across both the gas cooler and the intercooler. 
 
Figure 4-2: Experimentally investigated outdoor / indoor air flow rate combinations 
All tests were carried out at an ambient outdoor temperature of 43.3°C and an indoor temperature of 
32.2°C. The air passing through the evaporator was not dehumidified. This was decided in order to facilitate the test 
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procedures and to gain higher accuracies in the independent evaporator energy balances. In general, the simulation 
model also yields more accurate results for dry test conditions. The evaporator exit quality was kept constant at x = 
0.9 during all tests in accordance with the findings of Chapter 3. The adjustable high-side pressure was maintained 
at the COP maximizing values predicted by the high-side pressure control correlation found in Chapter 2. The gas 
cooler / intercooler air-side area ratio was 3:1 as determined by the dimensions of both components. In order to 
further validate the simulation model described in Chapter 2, the experimental data was used to verify the numerical 
results. However, due to the limited experimental capabilities it was not possible to operate the breadboard ECU 
with higher indoor air flow rates than specified in the original test matrix. The COPs discussed in the following 
experiments were calculated to be the ratio of the cooling capacity to the measured electrical power of the 
compressor. 
Figure 4-3 shows the COP and the cooling capacity as a function of the evaporator air flow rate for a fixed 
outdoor flow rate of 0.8967m3/s, which is identical to the air flow rate specified in the original test matrix. The 
results show that the system performance is strongly affected by the indoor air flow rate. However, the influence 
becomes smaller at higher indoor flow rates. The increase of the evaporator flow rate from 0.2914m3/s to 
0.4278m3/s (+47%) results in an 8% higher COP and an 11% larger cooling capacity.  
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Figure 4-3: Experimental system performance as a function of the indoor air flow rate for a fixed outdoor air 
flow rate 
On the other hand, if the evaporator flow rate is increased from 0.4278m3/s to 0.5687m3/s (+33%), the COP 
and the capacity are only increased by 5% and 6%, respectively. This is due to the fact that the heat exchanger 
performance becomes limited by the air-side heat transfer coefficient which does not increase significantly anymore 
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once the air flow rate has reached sufficiently large values. The same phenomenon occurs for the case where the 
indoor air flow rate is fixed and the outdoor flow rate is chosen to be variable, which is discussed next. 
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Figure 4-4: Experimental system performance as a function of the outdoor air flow rate at different indoor air 
flow rates 
These results are presented in Figure 4-4. The experiments carried out at the higher indoor air flow rate 
(0.5663m3/s, same as in original test matrix) show that the system performance was more affected by changes in the 
outdoor flow rate than those experiments carried out at the lower indoor air flow rate (0.2832m3/s). This conclusion 
results from a comparison of the average slopes of the COP and cooling capacity curves in Figure 4-4. At the higher 
indoor flow rate, an increase of the outdoor flow rate by approximately 60% (from 0.6570m3/s to 1.0642m3/s) 
increases the COP by 10% and the cooling capacity by 5%. The same increase of outdoor air flow rate for the tests 
carried out at the lower indoor air flow rate resulted only in an increase of 8% and 4% in COP and cooling capacity, 
respectively. From these trends it can be seen that changes in the originally specified outdoor flow rate were less 
influential to the system performance than changes in the originally specified indoor air flow rate. Another 
conclusion from the experiments shown in Figure 4-4 is that at higher indoor air flow rates an increase in outdoor air 
flow rate can still improve the system performance. Thus, the indoor air flow rate specified in the original test matrix 
appears to be the performance limiting factor. 
4.2.2 Simulation Model Results 
The trends observed in the previously described experiments with variable air flow rates across the indoor 
and outdoor heat exchangers were also investigated with the system model. The test conditions were identical to 
those in the experiments. The purpose of these simulations is to identify the potential of increased air flow rates and 
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to assess the air flow rates specified in the original test matrix with respect to their reasonability. The COP 
calculations of the simulation results take the fact into account that increased air flow rates significantly contribute 
to the power consumption of the system, hence reducing the achievable COPs by the amount of electrical power 
required to drive the indoor and outdoor blowers. The fan power of each duct was calculated to be the product of the 
air-side duct pressure drop multiplied with its volumetric air flow rate.  For this purpose it was assumed that the total 
air-side pressure drop in each duct equaled three times the air-side pressure drop across the corresponding heat 
exchanger. Furthermore, fan efficiencies of 30% were assumed for both the indoor and outdoor blowers. As a result 
of this modified COP calculation, increased air flow rates which generally increase the system performance, have to 
compete with performance reducing power consumption increases. However, for the determination of the cooling 
capacity and the COP it was not taken into account that the power required to operate the indoor blower reduces the 
cooling capacity. 
The COP as function of the indoor air flow rate shown in Figure 4-5 reaches a local maximum for all 
outdoor air flow rates considered. As expected, the COP decreases with increasing outdoor air flow rate, reflecting 
the significant contribution of the electrical power consumption of the outdoor duct blower to the system’s overall 
power consumption. The indoor air flow rate at which the COP maxima occurs shifts to higher values as the outdoor 
air flow rate increases. Figure 4-5 also shows the originally specified air flow rate combination used for the baseline 
tests described in Chapter 2.  
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Figure 4-5: Simulated coefficient of performance as a function of the indoor air flow rate at different outdoor air 
flow rates 
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From its location (circled ‘+’) it can be seen that this particular flow rate combination was a reasonable 
choice with respect to COP maximization. However, Figure 4-6 indicates that in terms of the obtainable cooling 
capacity this choice was not as suitable. As the indoor air flow rate is increased, the slopes of the four curves shown 
constantly decrease, indicating the decreasing influence of the indoor air flow rate on the cooling capacity. 
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Figure 4-6: Simulated cooling capacity as a function of the indoor air flow rate for different outdoor air flow 
rates 
On the other hand, the outdoor air flow rate also becomes less influential to the evaporator capacity as 
reflected by the decreased vertical spacing between the curves of increased outdoor air flow rates. The location of 
the originally specified air flow rate combination in Figure 4-6 clearly shows that increased indoor as well as 
outdoor air flow rates can significantly improve the evaporator cooling capacity. A good compromise between 
increased capacity and still reasonably large COPs can be achieved for outdoor air flow rates of approximately 
1.0m3/s. From Figure 4-5 it is found that the corresponding COP maximizing indoor air flow rate has to be 
approximately 0.65m3/s. But since the curve slope in the vicinity of the COP maximum is relatively flat, even higher 
indoor air flow rates up to 0.8m3/s can be recommended without a significant COP reduction. With this choice, the 
baseline system is expected to have a 7% higher cooling capacity while the COP is only reduced by 2% for the test 
condition considered. 
In case of the COP being not the primary optimization goal, even higher air flow rates on the indoor side 
can be chosen to further increase the ECU cooling capacity. It should be pointed out that in the current ECU design 
the resulting COP losses can still be compensated by using improved heat exchangers with decreased refrigerant-
side pressure drops.  
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4.3 Operation with Modified Gas Cooler / Intercooler Air-Side Area Ratios  
4.3.1 Experimental Results 
This section addresses the question of how the available outdoor coil space should be distributed among the 
gas cooler and the intercooler in order to maximize the system performance. Even though it was found out in the 
previous section that increased indoor and outdoor air flow rates would have been beneficial to the performance of 
the breadboard ECU, all tests and simulations discussed in this section were again carried out at the values specified 
in the original test matrix. This was done in order to be able to directly compare the improvement potentials of air 
flow rate increases and optimized gas cooler / intercooler air-side area distributions. Therefore, the same test 
condition as in the previous section was considered, namely ‘D2’ with an ambient outdoor temperature of 43.3°C 
and an indoor temperature of 32.2°C. The outdoor and indoor airflow rates were 0.8967m3/s and 0.5663m3/s, 
respectively. The test condition chosen did not dehumidify the air stream entering the evaporator for the same 
reasons stated previously. The refrigerant quality at the evaporator exit was fixed at x = 0.9. The initial gas cooler / 
intercooler air-side area ratio as determined by the dimensions of the prototype heat exchangers was 3:1. 
In order to change this ratio, the intercooler face area was kept constant while parts of the gas cooler face 
area were covered with aluminum foil tape. Since the overall outdoor air flow rate was also kept constant, this 
method provided a way to vary the flow rate distribution between the two heat exchangers. However, the goal of this 
analysis is to find out the performance maximizing air-side area distribution for a given outdoor coil space. By only 
reducing the gas cooler air-side area without proportionally increasing the available intercooler air-side area this 
question cannot be fully and exactly answered experimentally. Nevertheless, the experimental results can be used to 
validate the simulation model for the case where the heat rejection capacity of the gas cooler is reduced while the 
load on the intercooler is increased.  
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Figure 4-7: Experimental system performance for partly covered gas cooler air-side area as a function of the 
covered area at fixed indoor and outdoor air flow rates 
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For the test condition investigated, the influence of reduced gas cooler face area on the COP and the 
cooling capacity becomes significant if the area covered exceeds approximately 15% as can be seen in Figure 4-7. 
Up to this value, the system performance is almost as high as in the case of an uncovered gas cooler. Once 20% or 
more of the heat exchanger are covered the drops in performance become significant. This is due to the direct 
influence of the gas cooler capacity on the evaporator capacity and thereby on the COP. Once the gas cooler air-side 
area is sufficiently reduced, the difference between the refrigerant exit temperature and the air inlet temperature to 
the heat exchanger (approach temperature) increases such that the refrigerant enthalpy at the gas cooler exit takes on 
larger values. This eventually results in higher suction line heat exchanger exit enthalpies (high pressure side). Thus 
the evaporator inlet enthalpy downstream the isenthalpic expansion also increases. The reduced evaporator capacity 
decreases the resulting COPs. Figure 4-8 illustrates this circumstance. If the gas cooler coverage exceeds 
approximately 15% its heat rejection capacity drops while the approach temperature steadily increases.  
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Figure 4-8: Gas cooler / intercooler heat rejection capacities and approach temperatures as a function of the 
covered gas cooler air-side area 
Since the total outdoor air flow rate was kept constant in these experiments, the capacity of the intercooler, 
now provided with higher air flow rates, increases. However, the resulting increase in intercooler capacity cannot 
compensate the reduced gas cooler capacity, because for this to happen, not only the intercooler air flow rate needs 
to be increased, but also its heat transfer area.  
This can be seen from the intercooler approach temperature shown in Figure 4-8 which is reduced by 
approximately only 1°C for the case when even more than 50% of the gas cooler air-side area is covered while at 
this point the gas cooler approach temperature increases by more than 3°C. 
4.3.2 Simulation Model Results 
The simulation model was used to determine the performance maximizing air-side area distribution 
between the gas cooler and the intercooler. The test conditions chosen were identical to those described in the 
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previous section. The analytical determination of the system COP took again into account the power required to 
operate the indoor and outdoor fans. However, unlike in the experiments, the overall outdoor coil air-side face area, 
consisting of the gas cooler and the intercooler, was kept constant at the value prescribed by the dimensions of the 
prototype heat exchangers. Thus, when the system performance was simulated with reduced gas cooler air-side 
areas, the face area of the intercooler was increased proportionally at the same time in order to maintain identical 
overall outdoor coil dimensions. 
Figure 4-9 presents the simulation results for gas cooler / intercooler air-side area ratios between 0.75 and 
4. The original ratio determined by the dimensions of the prototype heat exchangers was equal to 3 and the 
corresponding performance results are marked in the figure. In accordance with the experimental results shown in 
Figure 4-7, the system performance did not change significantly in the vicinity of the initial ratio, i.e. the COP and 
the evaporator cooling capacity were not reduced by much for cases in which the original gas cooler air-side area 
was covered by less than 15%. 
However, the simulation results reveal that the cooling performance can be further increased if the more of 
the available outdoor coil space is used for the gas cooler. At the same time, the system COP constantly drops. The 
reason for this is the reduced gas cooler approach temperature eventually increasing the refrigerant-side enthalpy 
difference across the evaporator and hence the cooling capacity. The COP decreases in this case, because of the 
reduced intercooler air-side area which results in increased discharge temperatures of the high stage compressor. As 
a consequence, the increase in compression work across the high stage compressor is larger than the increase in 
cooling capacity which effectively reduces the system COP for large gas cooler / intercooler air-side area ratios. 
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Figure 4-9: Simulated system performance for partly covered gas cooler air-side area as a function of the covered 
area at fixed indoor and outdoor air flow rates 
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For the opposite cases with increased intercooler and proportionally reduced gas cooler face areas, the 
capacity drops while the COP increases for similar reasoning discussed in the previous paragraph. Figure 4-9 also 
shows that a maximum system COP is achieved for gas cooler / intercooler air-side area ratios between 1.5 and 2. 
For ratios smaller than that (larger intercooler and smaller gas cooler) the reduction in cooling capacity becomes 
over-proportional relative to the decreases in compression work, which explains the existence of the local COP 
maximum. Based on this analysis it appears that the initial choice to build the prototype gas cooler and intercooler 
with an air-side area ratio of 3 was reasonable. However, in order to maximize the system COP, a smaller gas cooler 
/ intercooler air-side area ratio should be considered. It should be noted that the implementation of the flash gas 
removal concept described in Chapter 3 could compensate for the resulting reduction in evaporator cooling capacity 
caused by the increased gas cooler approach temperatures. Thus, a system having a proportionally larger intercooler 
in combination with FGR on the system’s low pressure side could ensure both improved COPs as well as increased 
cooling capacities. In addition, all simulations and experiments were carried out with the existing cross-flow 
intercooler design. As already discussed, a cross-counter flow intercooler design would further contribute to 
performance improvements. 
4.4 Effects on Performance due to Modified Indoor and Outdoor Coil Sizing 
Even though the geometric space provided for the indoor and outdoor heat exchangers is limited by the 
prescribed overall dimensions of the ECU, this analysis tries to clarify whether the chosen heat exchanger 
dimensions are reasonable and how sensitive the system performance is to changes in the initial heat exchanger face 
areas. Since only one set of prototype heat exchangers was available for the experimental investigations this study is 
completely based on the system simulation model. The test condition chosen is still ‘D2’ from the original test 
matrix. Hence, the ambient outdoor temperature was 43.3°C and the indoor temperature was 32.2°C. The outdoor 
and indoor airflow rates were 0.8967m3/s and 0.5663m3/s, respectively, where dehumidification of the evaporator air 
stream did not occur. The refrigerant quality at the evaporator exit was again kept constant at x = 0.9. The gas cooler 
/ intercooler air-side area ratio in this analysis was chosen to be the initial value of 3:1 and was not changed for the 
purpose of theses simulations. Different heat exchanger face areas were achieved by changing the lengths of the 
microchannel tubes rather than by varying the number of microchannel tubes.   
For the simulation results shown in Figure 4-10, the evaporator face area was kept at its original value of 
0.2567m2 while the combined gas cooler / intercooler face area was varied. However, the results imply that the 
original outdoor coil face area of 0.2981m2 was a suitable choice. As it can be seen from the COP and cooling 
capacity curves for the test condition considered, small changes of the outdoor coil dimensions in the vicinity of the 
original specification had only little effect on the overall system performance. Thus, the gas cooler / intercooler sizes 
chosen in combination with the air flow rates considered maximize the obtainable system performance. 
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Figure 4-10: Simulated system performance as a function of the outdoor coil face area for a fixed indoor coil 
face area 
Conversely, the situation is different for the simulations carried out with fixed outdoor coil face area 
(0.2981m2) and variable evaporator face areas. The location of the prototype heat exchanger face area (0.2567m2) in 
Figure 4-11 indicates that for the test condition considered, the face area of the evaporator was very sensitive to area 
changes in the vicinity of the original specification. This implies that the indoor coil is the major performance 
limiting factor in the current ECU design, as already pointed out earlier. Thus, for the assigned outdoor coils space, 
the system performance benefits from an increase in evaporator face area. For example, a 20% increase in face area 
(from 0.2567m2 to 0.3080m2) results in a 3% higher COP and a 2% increase in cooling capacity. 
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Figure 4-11: Simulated system performance as a function of the indoor coil face area for a fixed outdoor coil 
face area 
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4.5 Compression Work Reduction due to Variable Intercooler Pressures  
Another important design parameter of the current breadboard ECU system is the choice of the 
intermediate pressure level in the intercooler. Although the intermediate pressure at the discharge port of the low 
stage compressor is mostly a result of the compressor displacement volumes chosen, this analysis investigates the 
performance improvement potential for the case the intercooler pressure would have been a freely variable system 
parameter. This study can therefore be understood as a design recommendation for next generation two-stage 
compressors. 
In general, systems using a two-stage compressor with intercooling are always capable of reducing the 
amount of compression work required in comparison to a single stage compressor operating between identical low 
and high pressures, provided the intermediate pressure in the intercooler is chosen properly. Thus, two-stage 
compression systems with intercooling are capable of increasing the system COP with respect to comparable single 
stage cycles. 
The common literature [11] suggests that there is a COP maximizing intercooler pressure (Pintercooler,opt) for 
every desired compression ratio and that it can be found by taking the geometric mean of the corresponding low and 
high- side pressures: 
highlowopt,ercoolerint PPP ⋅=  (4-1) 
where Plow represents the suction pressure of the low stage compressor and Phigh is equal to the discharge pressure of 
the high stage compressor. 
However, (4-1) can only be derived under several conservative assumptions. It can be shown that the 
equation is only valid for thermally and calorically perfect gases, i.e. the ideal gas law in combination with the 
assumption of constant specific heats is applied in its derivation. Furthermore, the equation requires isentropic 
compression processes as well as identical suction temperatures at both compressor stages. Refrigerant-side pressure 
drops in the intercooler are also neglected. 
A numerical simulation modeling the compression processes was implemented in order to relax some of the 
conservative restraints. The model is based on a numerical integration of the compression work terms, which can be 
represented by areas underneath the compression paths in a pressure-specific volume diagram. The model takes real 
fluid properties of CO2 rather than ideal gas behavior into account and it allows for non-isentropic compression 
processes. From the experiments with the current ECU design it was observed that on average the suction 
temperature of the low stage compressor was approximately 10°C below the ambient outdoor temperature while the 
refrigerant temperature at the intercooler exit exceeded the ambient outdoor temperature by approximately 10°C. 
Instead of using the assumption of identical suction temperatures, these more realistic observations were used to 
model the suction temperatures. In all simulation runs the suction pressure at the low stage compressor was chosen 
to be 4.0MPa. 
Figure 4-12 shows a typical model output in form of a Pv-diagram. Besides the compression path for the 
two-stage compressor with intercooling the corresponding process path for a single stage compressor with identical 
suction conditions is also shown in the graph. The low stage compression path of the two-stage compressor 
coincides with the single stage compression path for pressures lower than the intercooler pressure. Lines of 
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isentropic compression for both stages, which are located to the left of the actual non-isentropic processes, are 
shown as well. 
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Figure 4-12: Pv-diagram for single stage and two-stage compression processes with identical low-side suction 
conditions 
From Figure 4-12 and the compression work representation in form of areas underneath the compression 
processes it can be seen why a work minimizing intercooler pressure has to exist for every pressure ratio. If the 
intercooler pressure is chosen too low, the compression process path of the high stage compressor moves towards 
the right, closer to the low stage compression path. As a result, the full work saving potential can not be used if the 
intercooler pressure is too low, because the more the compression path is moved to the left, the steeper the 
compression path becomes, resulting in smaller work areas underneath the high stage curve. However, if the 
intercooler pressure is chosen too high, the low stage compression process has to follow the single stage 
compression curve up into the region of higher pressures. The deviation from the isentropic compression line 
increases significantly with increasing pressures. At some intercooler pressure, the work area underneath the low 
stage compressor curve starts to increases more than work area decreases underneath the high stage compressor 
curve due to its steeper lines of compression. This break-off pressure, at which the additional work increment of the 
low stage compressor becomes larger than the work increment saved in the high stage compressor defines the 
optimum intercooler pressure. 
The curves shown in Figure 4-12 were generated at an ambient outdoor temperature of 43.3°C and a high 
stage discharge pressure of 11.1MPa, which was found according to the COP maximizing high-side pressure 
correlation discussed in Chapter 2. The compression efficiencies of both compression stages were assumed to be 
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0.65 based on average values determined from the baseline tests. With the low stage suction pressure fixed at 
4.0MPa, the idealized equation (4-1) predicts that the optimum intercooler pressure resulting in minimum work 
requirements has to be at 6.7MPa. For this intercooler pressure, the two-stage compressor system requires 17.8% 
less work in comparison to a single stage compressor operating between the same overall pressure ratio. However, 
the simulation model shows that this work saving potential increases to 21.2% in comparison to the single stage 
compressor when an intercooler pressure of 7.8MPa instead of 6.7MPa is used. Thus, the intercooler pressure at 
which the compression requires minimum work occurs at a pressure which is 16.4% higher than predicted by the 
idealized equation. A direct performance comparison shows that the system requires 4.2% less work when it is 
operated at the higher intercooler pressures found by the simulation model instead of at the pressure suggested by 
(4-1). The following considerations further investigate the deviations of the optimum intercooler pressure from the 
value predicted by the idealized equation for the different operational parameters. 
For an ambient outdoor temperature of 43.3°C and compression efficiencies of 0.65, the influence of the 
high stage discharge pressure on the work saving potential is illustrated in Figure 4-13. For the lowest discharge 
pressure of 10.0MPa, the system requires 3.6% less compression work if operated at the optimum intercooler 
pressure in comparison to the value suggested by (4-1).  
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Figure 4-13: Work savings potential as a function of the intercooler pressure for various high stage discharge 
pressures 
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The optimum intercooler pressure in this case is 18.6% higher than the idealized value. For higher 
discharge pressures, the savings potential increases to 4.2% at 11.1MPa and 4.7% at 12.0MPa. Thus, the higher the 
discharge pressure the more important it becomes to operate the intercooler at its optimum intermediate pressure in 
order to obtain the minimum work required. Maintaining the optimum intercooler pressure therefore improves the 
system COP especially at high evaporator loads, because such conditions typically require higher discharge 
pressures at the high stage compressor. 
The same type of analysis was carried out for different ambient outdoor temperatures as shown in Figure 4-
14. The high stage discharge pressures were adjusted to match the COP maximizing pressure according to the 
correlation given in Chapter 2. The compression efficiencies were again taken to be 0.65.  
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Figure 4-14: Work savings potential as a function of the intercooler pressure for various ambient outdoor 
temperatures 
For the ambient outdoor temperature range considered, the maximum possible work reduction occurs at 
32.2°C where the system requires almost 5% less work when operated at its performance maximizing intermediate 
pressure in comparison to the value given by the idealized equation. As before, the numerically determined optimum 
intercooler pressures deviate significantly (16.3% to 21.4%) from the idealized pressure values suggested by (4-1). 
Thus, the possible work reductions become larger at lower ambient outdoor temperatures improving the system 
performance in particular at moderate ambient conditions.  
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Figure 4-15: Work savings potential as a function of the intercooler pressure for various compression efficiencies 
The possible work savings were also analyzed for different compression efficiencies. For these simulations, 
the ambient outdoor temperature was 43.3°C and the high stage discharge pressure was kept constant at 11.1MPa. 
The compression efficiencies were assumed to be equal in both stages. The results are shown in Figure 4-15. Both 
the work saving potentials (3.7% to 4.5%) and the pressure mal-predictions (16.8% to 22.2%) of (4-1) have similar 
magnitudes as in the previous investigations. An expected trend is that the work required is reduced as the 
compression efficiency increases. Thus, for more efficient compression stages the proper choice of the intermediate 
pressure becomes more important in terms of performance improvement. The limitation of the idealized equation 
can be seen from this analysis. Since both the low stage suction pressure and the high stage discharge pressure were 
constant for the simulation runs having different efficiencies, (4-1) has to predict the same value for the optimum 
intercooler pressure, independent of the compression efficiency. However, Figure 4-15 clearly shows that the largest 
deviation between the optimum intercooler pressure and its mal-predicted value exists for isentropic compression, 
which was one of the assumptions required to derive (4-1). 
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4.6 Conclusions 
This chapter explored the performance improvement potentials of the baseline R744 ECU system which 
was described in detail in Chapter 2. Emphasis was put on how the system performance is influenced by the 
variation of important operational and design parameters. The findings and conclusions of this chapter were based 
on experimental investigations as well as on analytical simulations. 
It was verified that the initial choices regarding the indoor (0.5663m3/s) and outdoor (0.8967m3/s) air flow 
rates were reasonable. In particular, it was shown that the chosen baseline air flow rate combination resulted in high 
system COPs for the test conditions considered. However, it was also shown that the air-side of the evaporator is a 
performance limiting factor. Thus, in order to achieve larger cooling capacities it is recommended to increase the air 
flow specifications on the indoor side to a value in the range between 0.65m3/s and 0.8m3/s. The outdoor air flow 
rate should be adjusted to approximately 1.0m3/s to ensure high cooling capacities without significantly reducing the 
COP. For the conditions considered it was found that the cooling capacity can be increased by 7% while the COP is 
reduced by only 2% if the modified air flow rate specifications are applied to the baseline system.  
The intercooler in its current cross-flow design appears to be the performance limiting component on the 
outdoor side. For the case the intercooler cannot be designed as a cross-counter flow heat exchanger, an increase of 
its air-side area is recommended. It was shown that the system performance increases if the initially designed 
intercooler air-side area ratio (3:1) is decreased to a smaller value provided the overall outdoor coil size cannot be 
increased. In case smaller ratios are considered, slight reductions in the gas cooler heat rejection capacity can be 
compensated by an increased intercooler performance. In addition, the FGR concept introduced in Chapter 3 can 
further increase the system performance especially if gas cooler face area has to be traded for intercooler heat 
rejection improvements. Furthermore it was found that the system would benefit from an increased evaporator air-
side area. While the current outdoor coil dimensions result in satisfactory performance for increased outdoor air flow 
rates and an improved gas cooler / intercooler air-side area ratio, the evaporator performance is limited by its 
currently chosen dimensions. 
The importance of the intermediate pressure in the intercooler and its effects on the system performance 
was also discussed in this chapter. It was found that the COP maximizing intercooler pressure equation published in 
many texts appears to be too restrictive to be generally suitable for R744 two-stage compression systems with 
intercooling. It was shown that the equation mal-predicts the location of the optimum intercooler pressure by 
approximately 20%. It was also shown that, depending on the test condition, the compression work required can be 
reduced by approximately 5% if the intercooler pressure is chosen according to the findings of this analysis. It was 
verified that the influences of different high stage discharge pressures, ambient outdoor temperatures and 
compression efficiencies on the location of the optimum intercooler are all of the same order of magnitude and 
should be taken into account in future generation compressor designs. 
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Appendix A – ECU System Components 
This appendix contains more detailed specifications regarding the components used to build the breadboard 
ECU system. Along with photographs taken, all important heat exchanger dimensions are listed. The variable names 
shown are identical to those used in the simulation models. Preliminary nitrogen tests were carried out in order to 
determine the average hydraulic diameters of the aluminum microchannel tube ports. 
A.1 Evaporator 
Figure A-1 shows a picture of the aluminum microchannel tube evaporator. Table A-1 contains important 
evaporator dimensions and characteristics. Figure A-2 presents the results of the nitrogen pressure drop tests. From 
these tests, the hydraulic diameters of the microchannel tube ports were determined experimentally. The results 
differ significantly from the nominal hydraulic diameters specified by the manufacturer. Therefore, the 
experimentally determined values were used in subsequent simulation models. 
 
Figure A-1: Aluminum microchannel tube evaporator 
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Table A-1: Evaporator specifications 
Evaporator NPD-1970A #041702-02 
   
Variable name Value Unit Description Remark 
ThetaLo_IF 27 o Louver angle assumed from old fins 
L_itw 0.6184/1000 m Web thickness distance between two ports in MCT 
N_ic_slab 2 - Number of slabs  
Width_IC 0.60325 m Width of evaporator measured, not from Modine 
H_ic 0.42545 m Height of evaporator This is for heat transfer, not DeltaP 
FDens_IC_fpi 15 1/inch Number of fins per inch  
Fthick_IC 0.11/1000 m Fin thickness flat side, assumed from old fins 
Lp_IF 1.42/1000 m Louver pitch measured 
Relrough_MCT 0.000005/Dir - Relative roughness  
L_itend 0.4831/1000 m Length of end piece in MCT distance from last port to outside, 
round parts 
L_itwa 0.4831/1000 m Wall thickness of MCT  distance from port to outside 
Dir 0.542/1000 m Diameter of one refrigerant port round tube, from N2 tests 
N_itp 6 - Number of ports in one MCT  
N_IT 63 - Number of MCT in each slab  
N_IC_serp 1 - Number of serpentines in each 
slab 
 
Td_IF 10.54/1000 m Fin depth  longer side, in air flow direction 
N_par[i] 1 - Number of parallel flowing slabs  
MCT_height  m Indoor coil MCT height only for pressure drop 
     
Calculated from data listed above    
FL_IF 7.925/1000 m Fin length shorter side, can be seen in front 
view 
Thick_IT 1.524/1000 m Thickness of MCT minor 
FDens_IC  - Number of fins per meter  
FP_IF  m Fin pitch  
Tp_IF  m Tube pitch  
LL_IF  m Louver length  
Depth_IC  m Depth of Evap  
Depth_it 7.874/1000 m MCT depth major 
Lh_IF  m Louver height  
     
Other information    
Weight 5223 g   
Dh 0.762 mm Nominal hydraulic diameter  
Major 7.874 m   
Minor 1.524 m   
     
MCT length 461.5 mm MCT length for DP measurement Longer than H_ic 
Header tube length 603 mm same as Width _IC  
Di header 7.15 mm inner diameter header tube  
Dh Exp. Much less than nominal Dh 
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Figure A-2: Comparison between predicted and measured evaporator refrigerant-side pressure drop for the 
experimentally determined average hydraulic diameter 
A.2 Combined Gas cooler / Intercooler 
A picture of the combined gas cooler / intercooler assembly is shown in Figure A-3.  The heat exchanger 
specifications are summarized in Tables A-2 and A-3. 
 
Figure A-3: Aluminum microchannel tube gas cooler (top) / intercooler (bottom) combination 
Gas cooler 
Intercooler 
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Table A-2: Gas cooler specifications 
Gas cooler NPD-1954G 02 041702-02 
   
Variable name Value Unit Description Remark 
ThetaLo 27 o Louver angle assumed from old fins 
N_slab 4 - Number of slabs measured, not Modine spec 
W_GC1 0.3683 m Width of GC This is for heat transfer, not DeltaP 
H_GC 0.6096 m Height of GC finned part 
N_fpi 16 1/inch Number of fins per inch  
Fin_th 0.11/1000 m Fin thickness flat side, assumed from old fin 
Lp 1.15/1000 m Louver pitch measured, not Modine spec 
Relrough_OC 0.000005/Di - Relative roughness  
L_end 0.4831/1000 m Length of end piece in MCT distance from last port to outside, 
round parts 
L_wall 0.4831/1000 m Wall thickness of MCT  distance from port to outside 
Di 0.675 m Diameter of one refrigerant port round tube, from N2 tests 
Nport 6 - Number of ports in one MCT  
NC 38 - Number of MCT in each slab  
N_sep 1 - Number of serpentines in each 
slab 
 
D_fin 13.1/1000 m Fin depth  longer side, in air flow direction 
D_MCT 7.874/1000 m MCT depth major 
NN 10 - Number of elements in each 
slab 
 
     
Calculated from data listed above    
W_fin 7.925/1000 m Fin length shorter side, can be seen in front 
view 
MCT_th 1.524/1000 m Thickness of MCT minor 
L_web  m Web thickness Distance between two ports in 
MCT 
N_fpm  - Number of fins per meter  
Fp  m Fin pitch  
Tp  m Tube pitch  
L1  m Louver length  
D_GC  m Depth of GC  
Ncal  - Total number of elements  
     
Other information    
Weight 9969 g together with intercooler in frame  
Dh 0.762 mm Nominal hydraulic diameter  
Major 7.874 m   
Minor 1.524 m   
     
MCT length 645.6 mm MCT length for DP measurement longer than H_GC 
Header tube length 368 mm same as W_GC1  
Di header 7.15 mm inner diameter header tube  
     
Gas cooler, Intercooler and Evaporator have all the 
same tubes! 
 Face area ratio GC/Intc = 3.053 
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Table A-3: Intercooler specifications 
Intercooler NPD-1954G #3 051402-02 
      
Variable name Value Unit Description Remark 
ThetaLo_IntC 27 o Louver angle assumed from old fins 
N_slab_IntC 1 - Number of slabs measured, not Modine spec 
W_IntC 0.12065 m Width of IntC ! 4 parallel rows, 48 parallel tubes 
total 
H_IntC 0.6096 m Height of IntC This is for heat transfer, not DeltaP 
N_fpi_IntC 16 1/inch Number of fins per inch  
Fin_th_IntC 0.11/1000 m Fin thickness flat side, assumed from old fin 
Lp_IntC 1.15/1000 m Louver pitch measured, not Modine spec 
Relrough_IntC 0.000005/Di - Relative roughness  
L_end_IntC 0.4831/1000 m Length of end piece in MCT distance from last port to outside, 
round parts 
L_wall_IntC 0.4831/1000 m Wall thickness of MCT  distance from port to outside 
D_i_Int_C 0.703/1000 m Diameter of one refrigerant port round tube, from N2 tests 
N_port_IntC 6 - Number of ports in one MCT  
N_MCT_IntC 12 - Number of MCT in each slab  
N_serp_IntC 1 - Number of serpentines in each 
slab 
 
D_fin_IntC 13.1/1000 m Fin depth  longer side, in air flow direction 
D_MCT_IntC 7.874/1000 m MCT depth major 
NN_IntC 10 - Number of elements in each slab  
     
Calculated from data listed above 
 
  
W_fin_IntC 7.925/1000 m Fin length shorter side, can be seen in front 
view 
MCT_th_IntC 1.524/1000 m Thickness of MCT minor 
L_web_IntC  m Web thickness Distance between two ports in 
MCT 
N_fpm_IntC  - Number of fins per meter  
Fp_IntC  m Fin pitch  
Tp_IntC  m Tube pitch  
Ll_IntC  m Louver length  
D_IntC  m Depth of Inter cooler  
N_cal_IntC  - Total number of elements  
     
Other information 
 
  
Weight 9969 g together with gas cooler in frame  
Dh 0.762 mm Nominal hydraulic diameter  
Major 7.874 m   
Minor 1.524 m   
     
MCT length 645.6 mm MCT length for DP measurement longer than H_IntC 
Header trube 
length 
121 mm same as W_IntC  
Di header 7.15 mm inner diameter header tube  
     
Gas cooler, Intercooler and Evaporator have all the 
same tubes! 
 Face area ratio GC/Intc = 3.053 
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Figures A-4 and A-5 show the predicted versus the measured refrigerant-side pressure drops from which 
the average hydraulic diameters of the microchannel tube ports were determined. 
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Figure A-4: Comparison between predicted and measured gas cooler refrigerant-side pressure drop for the 
experimentally determined average hydraulic diameter 
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Figure A-5: Comparison between predicted and measured intercooler refrigerant-side pressure drop for the 
experimentally determined average hydraulic diameter 
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A.3 Suction Line Heat Exchanger 
A picture of the SLHX is shown in Figure A-6. Its specifications are listed in Table A-4. The results of the 
hydraulic diameter determination for both the low and high pressure sides of the heat exchanger are shown in 
Figures A-7 and A-8. 
 
Figure A-6: Aluminum microchannel tube suction line heat exchanger 
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Figure A-7: Comparison between predicted and measured SLHX refrigerant-side pressure drop for the 
experimentally determined average hydraulic diameter (high pressure side) 
HP ports 
LP ports 
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Table A-4: Suction line heat exchanger specifications 
SLHX NPD-1969A #02 052002-02   
Description Value Unit Remark 
High pressure side (per tube information)   
N_port 11 [-] squared port Dh = D_side = D 
major 25.4 mm  
minor 3.175 mm  
wall thickness 0.9525 mm  
web thickness 0.9525 mm  
free flow area 17.36 mm2  
inside perimeter 53.917 mm  
outside perimeter 54.425 mm  
mass per meter 0.1674 kg/m  
Dh 1.29 mm N2 experiment 
N_tubes 3x1 [-] 3 parallel in 1 layer 
tube length 720.4 mm   
Header tube length 85 mm   
Header Di 10.6 mm round tube 
Low pressure side (per tube information) 
    
N_port 17 [-] squared port Dh = D_side = D 
major 25.908 mm  
minor 1.905 mm  
wall thickness 0.4064 mm  
web thickness 0.4064 mm  
free flow area 19.987 mm2  
inside perimeter 71.938 mm  
outside perimeter 73.99 mm  
mass per meter 0.07828 kg/m  
Dh 0.96 mm N2 experiment 
N_tubes 3x1x2 [-] 3 parallel in 2 layers 
tube length 680.4 mm   
Header tube length 85 mm   
Header Di 10.6 mm round tube 
    
total weight 1360 g   
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Figure A-8: Comparison between predicted and measured SLHX refrigerant-side pressure drop for the 
experimentally determined average hydraulic diameter (low pressure side) 
A.4 Compressor and Suction Accumulator 
A picture of the hermetic two-stage compressor is shown in Figure A-9. A schematic of the component is 
presented in Figure A-10. The suction accumulator is shown in Figure A-11. 
 
Figure A-9: Hermetic R744 two-stage compressor 
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Figure A-10: Working principle of the hermetic R744 two-stage compressor 
 
Figure A-11: Prototype accumulator 
Low stage compressor 
inlet 
(from SLHX) 
High stage compressor 
inlet 
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Low stage compressor 
outlet 
(to intercooler) 
High stage compressor  
Low stage compressor  
Combined compressor 
shaft  
Electric motor 
assembly, cooled by 
low stage compressor 
discharge gas  
Sight glass 
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Appendix B – Instrumentation and Data Reduction 
This appendix contains details about the instrumentation used in the experimental facility, such as 
manufacturers, operation ranges, accuracies and the like. A copy of the data reduction template programmed in EES 
is also listed. The variable abbreviations used in the data reduction code can be found in the nomenclature.  
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B.1 List of Instrumentation 
Table B-1: Instruments used in the determination of the energy balances 
Chambers      
Measurement Instrument Brand Range Accuracy Description/Location 
Temperature Type-T Welded Thermocouple Omega -200 to 350
oC 1
oC or 0.75% 
above 0oC 
Inside and outside chamber 
surface temperatures 
Temperature 
Type-T 
Thermocouple 
Immersion Probe  
Omega -200 to 350oC 1
oC or 0.75% 
above 0oC 
Temperature R404A ceiling 
evaporator outlet and thermostatic 
expansion valve inlet  
Pressure C280E Pressure Transmitter  Setra 0 to 3.5 MPa ±0.20% F.S. 
Pressure R404A ceiling evaporator 
outlet 
Power GW5 3PH-4W Watt Transducer 
Ohio 
Semitronic 0 to 12 kW ±0.2% of reading 
Switched indoor / outdoor heaters, 
single phase devices operated 
inside chambers 
Power  GW5 3PH-3W Watt Transducer 
Ohio 
Semitronic 0 to 8 kW ±0.2% of reading Switched outdoor blower 
Power PC5 3PH-3W Watt Transducer 
Ohio 
Semitronic 0 to 8 kW ±0.5% F.S 
Controlled indoor / outdoor 
blowers and heaters, power to 
hermetic two-stage compressor 
Mass  Flow Rate Elite CMF025 Mass Flow Meter Micro Motion 
Nominal  
0 to  0.30 kg/s 
Maximum 
0.61 kg/s 
±0.10% 
±(0.0015/ Flow 
Rate (kg/s))% 
R404A mass flow into ceiling 
evaporator 
Condensate 
weight 
LCAA-5  
Strain Gauge Omega 0 to 2.5 kg ±0.10% F.S. 
Weight of condensate formation 
rate exiting evaporator 
Time Computer EP Computers   
Time used to get condensate flow 
rate 
Air Side      
Temperature Type-T Welded Thermocouple Omega -200 to 350
oC 1
oC or 0.75% 
above 0oC 
Inlet and exit air temps for nozzles, 
evaporator, and gas cooler / 
intercooler 
Differential 
Pressure Drop 
Model 264 
Differential 
Pressure 
Transducer 
Setra 0 to 254 Pa ±0.25% F.S. Pressure drop across gas cooler / intercooler 
Differential 
Pressure Drop 
Model 264 
Differential 
Pressure 
Transducer 
Setra 0 to 762 Pa ±0.25% F.S. 
Pressure drop across evaporator, 
nozzles in indoor / outdoor wind 
tunnels 
Dew Point 
Temperature 
Hygro M4 Dew 
Point Sensor 
General 
Eastern 
-40 oC to 60 
oC ±0.1 
oC Dew point temperatures upstream and downstream of the evaporator 
Refrigerant Side 
Temperature 
Type-T 
Thermocouple 
Immersion Probe 
Omega -200 to 350oC 1
oC or 0.75% 
above 0oC All R744 temperatures 
High and 
Intermediate  
Pressures 
TJE/4256-06TJA 
Pressure 
Transducer 
Sensotec 0 to 20.7 MPa ±0.25% F.S. 
Compressor outlet high stage, gas 
cooler outlet,  intercooler outlet, 
SLHX high side outlet pressure   
Low Pressure 
TJE/3883-12TJA 
Pressure 
Transducer 
Sensotec 0 to 6.9 MPa ±0.25% F.S. 
Compressor inlet low stage, 
evaporator outlet, SLHX low side 
outlet pressure 
Differential 
Pressure Drop 
HL-Z/9779-07-01 
Differential 
Pressure  
Transducer 
Sensotec 0 to 345 kPa ±0.25% F.S. 
Pressure drops across gas cooler, 
intercooler, evaporator, SLHX low / 
high side 
Mass Flow Rate Elite CMF025 Mass Flow Meter Micro Motion 
Nominal  
0 to  0.30 kg/s 
Maximum 
0.61 kg/s 
±0.10% 
±(0.0015/ Flow 
Rate (kg/s))% 
Refrigerant mass flow rate 
measured at expansion valve inlet 
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B.2 EES Data Reduction Code 
 
{EES TEMPLATE used for data reduction in transcritical R744 ECU experiments} 
 
 
{ 
Procedure AirFlowRate ----------------------------------------------------------------------------------------- 
-------------------------------------------------------------------------------------------------------------------------- 
This procedure calculates air flow rates and velocities through the nozzles. 
-------------------------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: main program 
-------------------------------------------------------------------------------------------------------------------------- 
Inputs: 
CDguess nozzle discharge coefficient guess 
D  nozzle throat diameter, [m] 
Tn  nozzle temperature, [C] 
Pn  nozzle entrance pressure, [kPa] 
DPn  pressure drop across nozzle, [Pa] 
Wn  humidity ratio at nozzle 
 
Outputs: 
Ma_wet wet air mass flow rate, [kg/s] 
Ma_dry dry air mass flow rate, [kg/s] 
Q_m3  volumetric flow rate, [m^3/s] 
Q_scfm volumetric flow rate, [scfm] 
Vel  air velocity through nozzle, [m/s] 
Vn  specific volume of air at nozzle, [m^3/kg] 
Re  Reynolds Number at nozzle 
CDnew discharge coefficient corresponding to Reynolds Number 
-------------------------------------------------------------------------------------------------------------------------- 
} 
 
Procedure AirFlowRate (Nozzle$, CDguess, D, Tn, Pn, DPn, Wn : Ma_wet, Ma_dry, Q_m3, Q_scfm, Vel, 
Vn, Re, CDold) 
 $Common ENN 
 An = pi * D^2/4      {nozzle throat area [m^2]} 
 Vn = VOLUME(AirH2O,T=Tn,P=Pn,w=Wn)                              
 CDnew = CDguess     
 repeat      {iterate to find proper discharge coefficient} 
  CDold = CDnew 
  Q_m3 = CDold * An * (2 * DPn * Vn)^0.5 
  Q_scfm = Q_m3/(1.2 * Vn) * convert(m^3/s, ft^3/min) 
  Vel = Q_m3/An {Flow properties at nozzle exit, despite inlet is standard}   
  Ma_wet = Q_m3/Vn    {treat as incompressible AirH2O flow} 
  Ma_dry = Ma_wet/(1+Wn)        
  rho = DENSITY(AirH2O, T = Tn, P = Pn, w=Wn) {density at nozzle, [kg/m^3]} 
  mu = VISCOSITY(AirH2O, T = Tn, P=Pn, w=Wn) {viscosity at nozzle, [kg/m-s]} 
  Re = rho * Vel * D/mu 
  CDnew = .9986 - 7.006/Re^.5 + 134.6/Re {discharge coefficient correlation} 
 until (abs(CDold - CDnew) < .001) 
 
 IF (Nozzle$ = 'e1') AND (ENN < 1.5) THEN 
  Ma_wet = 0 
  Ma_dry = 0 
  Q_m3 = 0 
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  Q_scfm = 0 
  Vel = 0 
  Vn = 0 
  Re = 0 
  CD = 0 
 ENDIF 
END 
 
 
{ 
Procedure ChillerCapacity ------------------------------------------------------------------------------------ 
-------------------------------------------------------------------------------------------------------------------------- 
This procedure calculates R404a chiller capacity. 
-------------------------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: OutdoorChamberBalance 
-------------------------------------------------------------------------------------------------------------------------- 
Inputs: 
M404   R404a mass flow rate, [g/s] 
T404i   R404a orifice inlet temperature, [C] 
T404o   R404a evaporator outlet temperature, [C] 
P404   R404a evaporator outlet pressure, upstream back pressure regulator [kPa] 
 
Outputs: 
Q_R404a  R404 chiller capacity, [kW] 
-------------------------------------------------------------------------------------------------------------------------- 
} 
 
Procedure ChillerCapacity (M404, T404i, T404o, P404 : Q_R404a) 
   
 P404condout=1500       {exact condensing temp unknown} 
 h_404o=ENTHALPY(R404a, P=P404, T=T404o)  { but isothermes vertical} 
 h_404i=ENTHALPY(R404A,T=T404i,P=P404condout) 
 Q_R404a = M404/1000 * (h_404o - h_404i)  {assume expansion to be isenthalpic}  
 
End 
 
 
{ 
Procedure SteamCapacity ------------------------------------------------------------------------------------ 
-------------------------------------------------------------------------------------------------------------------------- 
This procedure calculates steam capacity. 
-------------------------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: IndoorChamberBalance 
-------------------------------------------------------------------------------------------------------------------------- 
Inputs: 
Mw_kgps  water condensate mass flow rate [kg/s] 
Patm   atmospheric pressure [kPa] 
Ts   steam inlet temperature  [C] 
Tw   water condensate outlet temperature [C] 
 
Outputs: 
Q_steam  steam capacity  [kW] 
-------------------------------------------------------------------------------------------------------------------------- 
} 
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Procedure SteamCapacity (Mw_kgps, Patm, Ts, Tw : Q_steam) 
  
 hs = ENTHALPY(Steam_NBS, T = Ts, x=1)  
 IF (Ts>100) THEN 
 hs = ENTHALPY(Steam_NBS, T = Ts, P=Patm){superheated steam inlet enthalpy [kJ/kg]} 
 ENDIF  
 hw = ENTHALPY(Steam_NBS, T = Tw, P = Patm) {condensate exit enthalpy [kJ/kg]} 
 Q_steam = Mw_kgps * (hs -  hw) 
End 
{ 
Procedure ChamberLosses ----------------------------------------------------------------------------------- 
-------------------------------------------------------------------------------------------------------------------------- 
This procedure calculates the transmission losses through the corresponding chamber 
walls. 
-------------------------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: main program 
-------------------------------------------------------------------------------------------------------------------------- 
Inputs: 
chamber number telling which chamber equation to use: 1->outdoor, 2->indoor 
Ti  temperature inside chamber  [C]  
To  temperature outside chamber [C] 
  Only 1 averaged temperature difference is taken for each chamber. 
  Each chamber has only one total UA-value. 
 
Outputs: 
Q_trans transmission losses to chamber walls, [kW] 
-------------------------------------------------------------------------------------------------------------------------- 
} 
 
{Is now in main prg in order to see chiller capacity and transmission losses} 
 
{Procedure OutdoorChamberBalance ---------------------------------------------------------------------- 
-------------------------------------------------------------------------------------------------------------------------- 
This procedure calculates the heat exchanger heat transfer rate using chamber 
calorimetry for the outdoor chamber. 
-------------------------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: main program 
-------------------------------------------------------------------------------------------------------------------------- 
Inputs: 
M404   R404a mass flow rate, [g/s] 
T404i   R404a orifice inlet temperature, [C] 
T404o   R404a evaporator outlet temperature, [C] 
P404   R404a evaporator outlet pressure, upstream back pressure regulator [kPa] 
Ti   chamber temperature inside [C] 
To   chamber temperature outside [C] 
W1   chamber electrical power 1  [W] 
W2   chamber electrical power 2  [W] 
 
Outputs: 
Q_hx   outdoor heat exchanger heat transfer  [kW] 
-------------------------------------------------------------------------------------------------------------------------- 
} 
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Procedure OutdoorChamberBalance (M404, T404i, T404o, P404, W1, W2, Q_trans_outdoor, 
Qoutdoor_intc_ref, Wcp, Wcp_low_ref, Wcp_high_ref : Q_hx_outdoor, Q_R404a) 
 
 Call ChillerCapacity (M404, T404i, T404o, P404 : Q_R404a) 
 Q_hx_outdoor = Q_R404a + Q_trans_outdoor - (W1 + W2)/1000 -(Wcp-
(Wcp_low_ref+Wcp_high_ref))/1000 
 
End 
 
{ 
Procedure IndoorChamberBalance ------------------------------------------------------------------------- 
-------------------------------------------------------------------------------------------------------------------------- 
This procedure calculates the heat exchanger heat transfer rate using chamber 
calorimetry for the indoor chamber. 
-------------------------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: main program 
-------------------------------------------------------------------------------------------------------------------------- 
Inputs: 
Mw_kgps  water condensate mass flow rate [kg/s] 
P_atm   atmospheric pressure [kPa] 
Ts   steam inlet temperature [C] 
Tw   water condensate exit temperature [C] 
Ti   chamber temperature inside [C] 
To   chamber temperature outside [C] 
 
W1   chamber electrical power 1  [W] 
W2   chamber electrical power 2  [W] 
 
Outputs: 
Q_hx   heat exchanger heat transfer, [kW] 
-------------------------------------------------------------------------------------------------------------------------- 
} 
 
Procedure IndoorChamberBalance (Mw_kgps, Patm, Ts, Tw, W1, W2, Q_trans_indoor : Q_hx_indoor, 
Q_steam) 
          
 Call SteamCapacity (Mw_kgps, Patm, Ts, Tw : Q_steam) 
 Q_hx_indoor = Q_steam+ (W1+W2)/1000 - Q_trans_indoor 
 
End 
 
{ 
Procedure Efficiency -------------------------------------------------------------------------------------------- 
-------------------------------------------------------------------------------------------------------------------------- 
This procedure calculates the various compressor efficiencies. 
-------------------------------------------------------------------------------------------------------------------------- 
Calls: none 
Called by: main program 
-------------------------------------------------------------------------------------------------------------------------- 
Inputs: 
Mr    refrigerant mass flow rate in compressor [g/s] 
Tri    refrigerant inlet temperature [C] 
Pri    refrigerant inlet pressure [C] 
Tro    refrigerant outlet temperature [C] 
Pro    refrigerant outlet pressure [C] 
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W_comp   compressor work [kW] 
Vc    compressor speed [rpm] 
V_disp   compressor suction volume [cc] 
 
Outputs: 
h_in    inlet refrigerant enthalpy [kJ/kg] 
h_out    outlet refrigerant enthalpy [kJ/kg] 
eta_c    compression efficiency [-] 
eta_v    volumetric efficiency -] 
-------------------------------------------------------------------------------------------------------------------------- 
} 
 
{Index I = stage I: Prcpi => Pintcri 
 Index II = stage II: Pintcro => Prcpo} 
 
Procedure Efficiency (Mr, Trcpi, Prcpi, Tintcri, Tintcro, Pintcri,  Pintcro, Trcpo,Prcpo, W_comp, Vc, 
V_disp_I, V_disp_II:eta_comp_I_II,eta_comp_I,eta_comp_II, eta_v_I,eta_v_II 
,eta_comp_I_II_singlestage) 
  
 h_in_I = ENTHALPY(R744, T = Trcpi, P = Prcpi)   {stage I} 
 s_in_I = ENTROPY(R744, T = Trcpi, P = Prcpi)  
 h_out_isen_I = ENTHALPY(R744, P = Pintcri, s = s_in_I)  
 h_out_I = ENTHALPY(R744, T = Tintcri, P = Pintcri)                     
 h_in_II = ENTHALPY(R744, T = Tintcro, P = Pintcro)  {stage II} 
 s_in_II = ENTROPY(R744, T = Tintcro, P = Pintcro)   
 h_out_isen_II = ENTHALPY(R744, P = Prcpo, s = s_in_II)   
 h_out_II = ENTHALPY(R744, T = Trcpo, P = Prcpo)                   
 eta_comp_I=(h_out_isen_I - h_in_I)/(h_out_I - h_in_I)      
 eta_comp_II=(h_out_isen_II - h_in_II)/(h_out_II - h_in_II) 
 eta_comp_I_II=((h_out_isen_I - h_in_I)+(h_out_isen_II - h_in_II))/((h_out_I - h_in_I)+(h_out_II - 
h_in_II))               {stage I and II compression efficiency} 
  
  
 h_out_isen_total=ENTHALPY(R744, P = Prcpo,s=s_in_I)   
 h_out_total=h_out_II 
 eta_comp_I_II_singlestage= (h_out_isen_total - h_in_I)/(h_out_total-h_in_I)    
   
 {treated as a single stage} 
  
 v_in_I = VOLUME(R744, T = Trcpi, P = Prcpi)       
   
 {inlet refrigerant specific volume [m^3/kg]} 
 Vdot_c_I = Mr * v_in_I          
   {refrigerant displacement rate [L/s]} 
 eta_v_I = (Vdot_c_I/1000)/(V_disp_I/1e6 * Vc/60)                                   
    {Volumetric Efficiency} 
 v_in_II = VOLUME(R744, T = Tintcri, P = Pintcri)       
   
 {inlet refrigerant specific volume [m^3/kg]} 
 Vdot_c_II = Mr * v_in_II 
 eta_v_II = (Vdot_c_II/1000)/(V_disp_II/1e6 * Vc/60) 
  
{No mechanical or isentropic efficiency. It's impossible to separate the shaft power consumptions of 
stages I & II}           
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End 
 
 
{ 
***********************************************************************************************************************
******** 
***********************************************************************************************************************
********  
          Begin Main Program Section 
***********************************************************************************************************************
******** 
***********************************************************************************************************************
******** 
} 
 
{ 
These variables may need to be updated depending on the current system status --------- 
--------------------------------------------------------------------------------------------------------------------------   
} 
 
Patm=101.3 
Vc=3600      {shaft speed 60Hz = 3600rpm = 60 1/s, fixed 
frequency w/o inverter (no inverter losses)} 
V_disp_I =1.3285*CONVERT(in^3,cm^3)  {compressor suction volume [ccm]} 
V_disp_II=0.8369*CONVERT(in^3,cm^3)  
Xoil=0.03                                           {assumed oil circulation rate}               
 
{ 
------------------------------------------Outdoor Chamber Calculations -------------------------------------------------------
------------------------ 
} 
 
 
{Outdoor duct transmission losses} 
A_out=((48*43.5*2)+(48*37.5*2)+(12*43.5*2)+(12*22.5*2)+(14*43.5*2)+(14*22.5*2))*Convert(inch^2,m^2
) {oudoor duct wall area Betw. hx and nozzles} 
Thick_out=0.75*Convert(inch,m)    {wall thickness} 
h_out_o=10       {h coefficients are estimates} 
k_out=0.10       {k from tabulated value, pine wood} 
h_out_i=15 
 
Q_leak_outdoor=UA_out*DELTAT_out_wall/1000  {transmission loss [kW]} 
1/UA_out=1/(h_out_o*A_out)+Thick_out/(k_out*A_out)+1/(h_out_i*A_out) 
{UA value, based on estimates} 
DELTAT_out_wall=(Tcao+Tcn)/2-Tcai          
{temp. driving potential across wall} 
 
{Outdoor chamber transmission losses} 
Q_trans_outdoor = (15.947* (Tci - Tco)-5.0892)/1000 
 
{Chamber Humidity} 
Rhci =RELHUM(AirH2O,T=Tcai,P=Patm,w=Wci)         {relative humidity at inlet } 
Wci = HumRat(AIRH2O, P = 99, T = 24, R=0.4)                {estimated Rh=40%} 
 
{Air Flow Rate Parameters} 
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Pcn = Patm - DPca/1000 - DPcn/1000      
{air pressure at nozzle exit [kPa]} 
CDc = 0.99          
{discharge coefficient guess value} 
D_c1 = 0.1778 {7"}        
{nozzle 1 diameter [m]} 
D_c2 = 0.1524 {6"}        
{nozzle 2 diameter [m]} 
D_c3=0.00001 
{D_c3 = 0.127   {5''}}        
{nozzle 3 diameter [m]} 
{Tcn = (Tcn1 + Tcn2)/2}        
{average nozzle temperature [C], already hardware averaged} 
 
{Air Flow Rate Through Nozzles} 
Call AirFlowRate('c1', CDc, D_c1, Tcn, Pcn, DPcn, Wci : ma_wet_c1, ma_dry_c1, AFR_m3_c1, 
AFR_scfm_c1, Vel_c1, Vn_c1, Re_c1, CDc1) 
Call AirFlowRate('c2', CDc, D_c2, Tcn, Pcn, DPcn, Wci : ma_wet_c2, ma_dry_c2, AFR_m3_c2, 
AFR_scfm_c2, Vel_c2, Vn_c2, Re_c2, CDc2) 
Call AirFlowRate('c3', CDc, D_c3, Tcn, Pcn, DPcn, Wci : ma_wet_c3, ma_dry_c3, AFR_m3_c3, 
AFR_scfm_c3, Vel_c3, Vn_c3, Re_c3, CDc3) 
 
{Total Air Flow Rates} 
Ma_outdoor_dry = ma_dry_c1 + ma_dry_c2+ma_dry_c3               
{dry air mass flow rate [kg(dry air)/s]}                                                  
Ma_outdoor_dry_gc=Ma_outdoor_dry-Ma_outdoor_dry/4 
Ma_outdoor_dry_intc=Ma_outdoor_dry/4 
Ma_outdoor_wet = ma_wet_c1 + ma_wet_c2+ma_wet_c3     
{wet air mass flow rate [kg/s]} 
Ma_outdoor_wet_gc=Ma_outdoor_wet-Ma_outdoor_wet/4 
Ma_outdoor_wet_intc=Ma_outdoor_wet/4 
 
AFR_m3_outdoor = AFR_m3_c1 + AFR_m3_c2+AFR_m3_c3 
AFR_m3_outdoor_gc=AFR_m3_outdoor-AFR_m3_outdoor/4 
AFR_m3_outdoor_intc=AFR_m3_outdoor/4       {wet 
volumetric air flow rate [m^3/s]} 
AFR_scfm_outdoor = AFR_scfm_c1 + AFR_scfm_c2+AFR_scfm_c3    
{wet volumetric air flow rate [scfm]} 
AFR_scfm_outdoor_gc=AFR_scfm_outdoor-AFR_scfm_outdoor/4 
AFR_scfm_outdoor_intc=AFR_scfm_outdoor/4 
 
{Air-Side Energy Balance !!! not independent anymore} 
hcai = ENTHALPY(AirH2O, T = Tcai, P = Patm, R = Rhci)  
{moist inlet air enthalpy [kJ/kg]} 
hcan = ENTHALPY(AirH2O, T = Tcn, P = Pcn, w = Wci)  
{moist nozzle air enthalpy [kJ/kg]} 
Qoutdoor_gc_intc_air = Ma_outdoor_dry* (hcan - hcai)+Q_leak_outdoor        
{GC and IntC combined corrected by duct transmission losses}                                                                                         
 
                                                                                          
{Refrigerant-Side Energy Balance} 
{Pcro, DPcr, Tcri, Tcro are measured parameters and supplied by test file in excel form, assuming super-
critical state} 
Pcri = Pcro + DPcr                                                   {inlet pressure (absolute) [kPa]} 
hcri = ENTHALPY(R744, T = Tcri, P = Pcri)      
 {refrigerant inlet enthalpy [kJ/kg]} 
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hcro = ENTHALPY(R744, T = Tcro, P = Pcro)               
 {refrigerant exit enthalpy [kJ/kg]} 
Qoutdoor_gc_ref = Mr*(1-Xoil) * (hcri - hcro)/1000+Mr*Xoil/1000*(2.0499*(Tcri-Tcro)+2.261e-3/2*(Tcri^2-
Tcro^2))            {[kW]}               
 
Qoutdoor_gc_intc_ref=Qoutdoor_gc_ref+Qoutdoor_intc_ref 
 
 
 
{Intercooler part} 
Pintcri=Pintcro+DPintcr      
hintcri=ENTHALPY(R744, T = Tintcri, P = Pintcri)  
hintcro=ENTHALPY(R744, T = Tintcro, P = Pintcro)  
Qoutdoor_intc_ref = Mr*(1-Xoil) * (hintcri - hintcro)/1000+Mr*Xoil/1000*(2.0499*(Tintcri-Tintcro)+2.261e-
3/2*(Tintcri^2-Tintcro^2))  {[kW]}    
 
 
{Chamber Energy Balance} 
Call OutdoorChamberBalance (M404, T404i, T404o, P404, Wc1, Wc2, Q_trans_outdoor, 
Qoutdoor_intc_ref,Wcp,Wcp_low_ref,Wcp_high_ref : Qoutdoor_chamber, Q_R404a) 
 
{Error Calculations} 
ErrOutdoor_gc_intc_air = (Qoutdoor_gc_intc_air - Qoutdoor_gc_intc_ref)/Qoutdoor_gc_intc_ref * 100 
 
 
{ 
Indoor Chamber Calculations --------------------------------------------------------------------------------- 
-------------------------------------------------------------------------------------------------------------------------- 
} 
 
{Indoor duct transmission losses}   {see comments outdoor side} 
{A_in=(45*17*4)*Convert(inch^2,m^2)}  {small indoor duct} 
A_in=((50*24*2)+(50*33*2))*Convert(inch^2,m^2) {large indoor duct} 
h_in_o=5 
k_in=0.14 
h_in_i=10 
Thick_in=0.5*Convert(inch,m) 
 
Q_leak_indoor = UA_in*DELTAT_in_wall/1000 
1/UA_in=1/(h_in_o*A_in)+Thick_in/(k_in*A_in)+1/(h_in_i*A_in) 
DELTAT_in_wall=abs((Teao_avg+Ten)/2-Teai) 
  
{Indoor transmission losses} 
Q_trans_indoor = (15.483* (Tei - Teo)+3.6168)/1000       
 
{channel 500 on FETMUX board is damaged} 
Teao1 = (Teao11r+Teao12+Teao13+Teao14+Teao15+Teao16)/6 
Teao2 = (Teao22+Teao23+Teao24+Teao25)/4     
{24 TC grid, Taeo11, Taeo16,Teao41 and Taeo46 have to be switched} 
Teao3 = (Teao31+Teao32+Teao33+Teao34+Teao35)/5 
Teao4 = (Teao41+Teao42+Teao43+Teao44+Teao45+Teao46)/6 
Teao_avg = (Teao1+Teao2+Teao3+Teao4)/4 
 
{Chamber Humidity} 
Tdpei_calc=Tdpei+0.06   {run with one dew point sensor only (dry tests)} 
Tdpen_calc=Tdpen-0.06 
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Rhei = RELHUM(AirH2O, T = Teai, P = Patm, D = Tdpei_calc)  {inlet relative humidity}  
Rhen = RELHUM(AirH2O, T = Ten, P = Pen, D = Tdpen_calc)  {relative humidity after nozzle} 
Wei = HUMRAT(AirH2O, T = Teai, P = Patm, D = Tdpei_calc)  {inlet humidity ratio} 
Wen = HUMRAT(AirH2O, T = Ten, P = Pen, D = Tdpen_calc)   
{humidity ratio after nozzle} 
 
{Air Flow Rate Parameters} 
Pen = Patm - DPea/1000 - DPen/1000   {air pressure at nozzle exit [kPa]} 
CDe = 0.975       {discharge coefficient guess value} 
D_e1 = 0.1524  {6''}     {nozzle 1 diameter [m]} 
 
D_e2=0.00001      {in this template, only 6'' nozzle open} 
D_e3=0.00001 
{D_e2 = 0.0762   {3''}     {nozzle 2 diameter [m]} 
D_e3=0.0508  {2''}     {nozzle 3 diameter [m]}} 
{Ten =If(ENN, 2, Ten2, (Ten1 + Ten2)/2, 0)}  {average nozzle temperature [C], already 
hardware averaged} 
  
{Air Flow Rates Through Nozzles} 
Call AirFlowRate('e1', CDe, D_e1, Ten, Pen, DPen, Wen : ma_wet_e1, ma_dry_e1, AFR_m3_e1, 
AFR_scfm_e1, Vel_e1, Vn_e1, Re_e1, CDe1) 
Call AirFlowRate('e2', CDe, D_e2, Ten, Pen, DPen, Wen : ma_wet_e2, ma_dry_e2, AFR_m3_e2, 
AFR_scfm_e2, Vel_e2, Vn_e2, Re_e2, CDe2) 
Call AirFlowRate('e3', CDe, D_e3, Ten, Pen, DPen, Wen : ma_wet_e3, ma_dry_e3, AFR_m3_e3, 
AFR_scfm_e3, Vel_e3, Vn_e3, Re_e3, CDe3) 
 
 
{Total Air Flow Rates} 
Ma_indoor_dry = ma_dry_e1 + ma_dry_e2 + ma_dry_e3    
{total dry air mass flow rate [kg/s]} 
Ma_indoor_wet = ma_wet_e1 + ma_wet_e2 + ma_wet_e3    
{total wet air mass flow rate [kg/s]} 
AFR_m3_indoor = AFR_m3_e1 + AFR_m3_e2 + AFR_m3_e3   
{total volumetric air flow rate [m^3/s]} 
AFR_scfm_indoor = AFR_scfm_e1 + AFR_scfm_e2 + AFR_scfm_e3  
{total volumetric air flow rate [scfm]} 
 
{Total Air-Side Heat Transfer} 
heai = ENTHALPY(AirH2O, T = Teai, P = Patm, R = Rhei)   
{moist inlet air enthalpy [kJ/kg]} 
hean = ENTHALPY(AirH2O, T = Ten, P = Pen, R = Rhen)    
{moist nozzle air enthalpy [kJ/kg]} 
Qindoor_air = Ma_indoor_dry * (heai - hean)+Q_leak_indoor      
{heat leak through the duct  is added to the air side energy balance} 
 
 
 
{The following latent and sens calculations are not the actual results. It's only to split up in sens and 
latent part. Qindoor_latent_cond vs. Qindoor_latent_psych => Independent cond measurement vs. 
psych measurement  
Qindoor_sensible_cond vs. Qindoor_sensible_psych => NOT independent cond and psych 
measurements (involves Qindoor_air = psych measurement) vs. psych measurement} 
{Sensible Air-Side Heat Transfered} 
heai_dry = ENTHALPY(Air, T= Teai)   {dry inlet air enthalpy [kJ/kg]} 
hean_dry = ENTHALPY(Air, T = Ten)   {dry nozzle air enthalpy [kJ/kg]} 
hvin = ENTHALPY(Steam_NBS, T =Teai, x = 1)  {water vapor inlet enthalpy [kJ/kg} 
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hvout = ENTHALPY(Steam_NBS, T = Ten, x = 1)  {water vapor nozzle enthalpy [kJ/kg]} 
Qindoor_sensible_psych = Ma_indoor_dry * (heai_dry - hean_dry) + (Ma_indoor_wet - Ma_indoor_dry) * 
(hvin - hvout) 
Qindoor_sensible_cond = Qindoor_air - Qindoor_latent_cond 
 
{Latent Air-Side Heat Transfered} 
Mw_kgps = Dslope * convert(lbm/s, kg/s)   {condensation rate [kg/s]} 
Mw_gps = Mw_kgps * 1000     {condensation rate [g/s]} 
h_fg = ENTHALPY(Steam_NBS, T = Tdpei_calc, x = 1) - ENTHALPY(Steam_NBS, T = Tdpei_calc, x = 
0)      {heat of vaporization [kJ/kg]} 
Qindoor_latent_cond = Mw_kgps * h_fg 
Qindoor_latent_psych = Qindoor_air - Qindoor_sensible_psych 
 
{Refrigerant-Side Energy Balance} 
{Pero, DPer, Tero are measured parameters} 
 
Mr_evap=Mr*(1-x_in)     {liquid flow through evaporator, FGR} 
Mr_FGRvalve=Mr*(x_in) 
 
 
Peri = Pero + DPer      {inlet pressure (absolute) [kPa]} 
Teri_sat=TEMPERATURE(R744, P = Peri, x = 0.5)           {2 phase inlet, sat. temp. [C], already 
measured} 
Tero_sat=TEMPERATURE(R744, P = Pero, x = 0.5) {2-phase outlet sat. temp. [C]} 
 
Pori=Pshro2          
{Watch out here: Pressure across mass flow meter ignored here} 
heri = ENTHALPY(R744, T = Tori, P = Pori)   
{refrigerant inlet enthalpy [kJ/kg], assuming exp. is isenthalp} 
hero=hshri 
Qindoor_ref = Mr_evap*(1-Xoil) * (hero - heri)/1000+Mr_evap*Xoil/1000*(2.0499*(Tero-Teri)+2.261e-
3/2*(Tero^2-Teri^2))  {[kW]}    
 
{Refrigerator Qualities}                                                                
h_liq_in = ENTHALPY(R744, T = Teri, x = 0)      
{saturated liquid enthalpy [kJ/kg]} 
h_vap_in = ENTHALPY(R744, T = Teri, x = 1)     
{saturated vapor enthalpy [kJ/kg]} 
x_in = (heri - h_liq_in)/(h_vap_in - h_liq_in)      
{inlet quality [-]} 
 
h_liq_out = ENTHALPY(R744, T = Tero_sat, x = 0)     
{saturated liquid enthalpy [kJ/kg]} 
h_vap_out = ENTHALPY(R744, T = Tero_sat, x = 1)    
{saturated vapor enthalpy [kJ/kg]} 
x_out = (hero - h_liq_out)/(h_vap_out - h_liq_out)     
{exit quality [-]} 
 
{Chamber Energy Balance} 
Call IndoorChamberBalance (Mw_kgps, Patm, Ts, Tw, We1, We2, Q_trans_indoor : Qindoor_chamber, 
Q_steam) 
 
{Error Calculations} 
ErrIndoor_air = (Qindoor_air - Qindoor_chamber)/Qindoor_chamber * 100 
ErrIndoor_ref = (Qindoor_ref - Qindoor_chamber)/Qindoor_chamber * 100 
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{ 
Internal Heat Exchanger Calculations ---------------------------------------------------------------------- 
-------------------------------------------------------------------------------------------------------------------------- 
} 
 
 
Pshri2=Pshro2+DPshr2                      {Pshri2 should be equal to Pcro} 
Pcro=Pshro2+DPshr2_cal                   
{2 ways to determine Pcro: measure and calc via pressure drop} 
Pshri=Pshro+DPshr 
 
hshro = ENTHALPY(R744, P = Pshro, T = Tshro)           
{Low pressure side (suction) outlet enthalpy [kJ/kg]} 
hshri2 = ENTHALPY(R744, P = Pshri2, T = Tshri2)         
{High pressure side inlet enthalpy [kJ/kg]} 
hshro2 = ENTHALPY(R744, P = Pshro2, T = Tshro2)     
{liquid-side outlet enthalpy [kJ/kg]} 
hsh_max= ENTHALPY(R744, P = Pshri, T = Tshri2) 
 
Q_ihx_suc = Mr * (1-Xoil) *(hshro - hshri)/1000 +Mr*Xoil/1000*(2.0499*(Tshro-Tshri)+2.261e-
3/2*(Tshro^2-Tshri^2))     
                                                                                   
{heat exchanger suction-side capacity [kW]} 
Q_ihx_high = Mr * (1-Xoil) *(hshri2 - hshro2)/1000+Mr*Xoil/1000*(2.0499*(Tshri2-Tshro2)+2.261e-
3/2*(Tshri2^2-Tshro2^2))           
                                                                                                      
{heat exchanger liquid-side capacity [kW]} 
Q_ihx_suc = Q_ihx_high 
Q_ihx_max = Mr * (1-Xoil) *(hsh_max - hshri)/1000 +Mr*Xoil/1000*(2.0499*(Tshri2-Tshri)+2.261e-
3/2*(Tshri2^2-Tshri^2))     
epsilon_ihx = Q_ihx_high/Q_ihx_max        {heat exchanger effectiveness} 
 
 
{ 
Compressor Calculations -------------------------------------------------------------------------------------- 
-------------------------------------------------------------------------------------------------------------------------- 
} 
{In hermetic compressors the compressor work includes the motor and the compressor efficiencies} 
 
Wcp=W_comp 
P_ratio = Prcpo/Prcpi 
P_ratio_stage_I = Pintcri/Prcpi 
P_ratio_stage_II = Prcpo/Pintcro     {compression ratio(s)} 
 
hrcpi = ENTHALPY(R744, P = Prcpi, T = Trcpi)  
hrcpo = ENTHALPY(R744, P = Prcpo, T = Trcpo)    
Wcp_low_ref=Mr*(hintcri-hrcpi) 
Wcp_high_ref=Mr*(hrcpo-hintcro) 
 
 
 
 
{Efficiency Calculations} 
Call Efficiency(Mr*(1-Xoil), Trcpi, Prcpi, Tintcri, Tintcro, Pintcri,  Pintcro, Trcpo,Prcpo, W_comp, Vc, 
V_disp_I,V_disp_II : eta_comp_I_II,eta_comp_I,eta_comp_II, eta_v_I, 
eta_v_II,eta_comp_I_II_singlestage) 
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{Compressor inlet superheat} 
DT_sup_comp_in=Trcpi-TEMPERATURE(R744,P=Prcpi,x=0.5)                          
 
{ 
System Performance -------------------------------------------------------------------------------------------- 
-------------------------------------------------------------------------------------------------------------------------- 
} 
 
COP_indoor_air = Qindoor_air/W_comp*1000 
COP_indoor_ref = Qindoor_ref/W_comp*1000 
COP_indoor_chamber = Qindoor_chamber/W_comp*1000 
 
COP_outdoor_gc_intc_air = Qoutdoor_gc_intc_air/W_comp*1000 
COP_outdoor_gc_intc_ref = Qoutdoor_gc_intc_ref/W_comp*1000 
{COP_outdoor_chamber = Qoutdoor_chamber/W_comp*1000} 
{ 
System Data ------------------------------------------------------------------------------------------------------- 
-------------------------------------------------------------------------------------------------------------------------- 
} 
 
{Paste Excel Data below here} 
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Appendix C – Summary Tables of Experimental Test Data 
This appendix contains summary tables showing the experimental test data taken. It is organized in three 
sections. Table C-1 shows the results of the baseline tests which were described in Chapter 2. Table C-2 summarizes 
the test results described in Chapter 3, where the baseline system was modified with the FGR concept in order to 
improve the system performance and to compare it against the baseline system. All test data listed in Table C-2 was 
taken at test condition D2 according to the baseline test matrix. Finally, Table C-3 shows the experimental test 
results discussed in Chapter 4. For these test runs, the air flow rates across the evaporator and the gas cooler / 
intercooler assembly were differed from the values specified in the baseline test matrix of Chapter 2. The results of 
the experiments carried out for different gas cooler / intercooler air-side area ratios are also listed in Table C-3. All 
test runs shown in Table C-3 had an evaporator exit quality of approximately x = 0.9. 
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